The Viscosity of Certain Blast Furnace Slags Containing Titania by Steven, William
m e , .VISCOSITY OF c er t a in  blast  f b r m c e  slags
o o m A i m m  t i t i e d a .
THESIS
s u b m i t te d  to  t h e : -  
TLLTIVERSITY OF GLASGOW







INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 13849814
Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
C O N T E N T S .
PAGE
I N T R O D U C T I O N .......................................................... 1
C h a p te r  1 .  T heory  o f  V i s c o s i t y  o f  L iq u i d s .  . . 4
C h a p te r  2 .  L i t e r a t u r e  on th e  V i s c o s i t y  o f
B l a s t  F u rn ace  S l a g s .  . . .  14 
C h a p te r  3 .  The L o g a r i th m ic  Decrement Method
of M easu rin g  V i s c o s i t y .  . . 20 
C h a p te r  4 .  D e s c r i p t i o n  of A p p a ra tu s  Employed . 23
C h a p te r  5 .  C a l i b r a t i o n  o f  A p p a r a t u s ......................... 28
C h a p te r  6 . E x p e r im e n ta l  P r o c e d u r e ................................ 32
C h a p te r  7 .  D i s c u s s io n  o f  R e s u l t s ................................ 35
Acloiowle dgme n t ............................................................................... 49
R e f e r e n c e s .........................................................................................50
1 .
I N T R O D U C T I O N  .
The s m e l t in g  of t i t a n i a  h e a r i n g  i r o n  o re s  has a lw ays heen  
a t t e n d e d  w i th  c o n s id e r a b le  d i f f i c u l t y .  D uring  s m e l t in g  most o f  
th e  t i t a n i a  p a s s e s  i n t o  t h e  s l a g ,  r e n d e r i n g  i t  s t i c k y  and v e ry  
l i a b l e  to  form  a c c r e t i o n s  of an  i n f u s i b l e  n a t u r e .  T ita n iu m  
c a rb o  n i t r i d e  (TiCN) and t i t a n i u m  n i t r i d e  (T iN ),  have b o th  been  
i d e n t i f i e d  i n  t h e s e  a c c r e t i o n s ;  b u t  th e  c a u s e s  of th e  d i f f i c u l t y  
a r e  s t i l l  n o t  c o m p le te ly  u n d e r s to o d .  As a r e s u l t  o f  t h i s ,  t h e r e  
h a s  d e v e lo p e d  a c o n s i d e r a b l e  r e l u c t a n c e  to  u se  t i t a n i f e r o u s  i r o n  
o r e s ,  d e s p i t e  tn e  c o n s id e r a b le  n a tu r e  o f  th e  d e p o s i t s  e x i s t i n g  
i n  New Z e a la n d  and v a r i o u s  o t h e r  p a r t s  o f  th e  w o r ld .
T h is  i n v e s t i g a t i o n  was u n d e r t a k e n  t o  e l u c i d a t e  t h e  v i s c o s i t y -  
te m p e r a tu re  p r o p e r t i e s  o f  some t i t a n i a  b e a r in g  b l a s t  f u r n a c e  s l a g s ,  
i n  th e  hope of th ro w in g  some l i g h t  on t h e  s m e l t in g  p rob lem . 
C o n se q u e n tly  th e  work was c o n ce rn ed  p r i m a r i l y  w i th  q u i n t e r n a r y  
l i m e - a l u m i n a - s i l i c a - m a g n e s i a - t i t a n i a  s l a g s .  I t  was c o n s id e r e d  
w o r th  w h i le  how ever, t o  ta k e  th e  o p p o r tu n i ty  p r e s e n t e d ,  to  
g a t h e r  a  l i t t l e  f u r t h e r  i n f o r m a t io n  c o n c e rn in g  th e  v i s c o s i t y  o f 
t h e  s im p le r  t e r n a r y  ( l i m e - a l u m i n a - s i l i c a )  and q u a te r n a ry  ( l im e -  
: a l u m i n a - s i l i c a - m a g n e s i a )  s l a g s .  C o n se q u e n tly  t h e  work was 
s t a r t e d  on a s e r i e s  o f  p a r e n t  l i m e - a l u m i n a - s i l i c a  s l a g s ,  and 
fro m  t h e s e ,  l i m e - a l u m i n a - s i l i c a - m a g n e s i a ,  and  f i n a l l y  l im e -  
: a l u m i n a - s i l i c a - m a g n e s i a - t i t a n i a  s l a g s  were b u i l t  u p .  By t h i s  
means some i n f o r m a t i o n  was o b ta in e d  r e g a r d i n g  th e  e f f e c t s  o f 
m ag n e s ia  and t i t a n i a  on s l a g  v i s c o s i t y .
W hether d i f f e r e n t  m i n e r a l s ,  su ch  a s  c a lc iu m  m e t a s i l i c a t e ,  
g e h l e n i t e  e t c . ,  a r e  w h o l ly  o r  o n ly  p a r t l y  d i s s o c i a t e d  to  
t h e i r  c o n s t i t u t e n t  o x id e s  i n  l i q u i d  s l a g ,  has  lo n g  b e en  
a s u b j e c t  o f  c o n t r o v e r s y ,  and  most of th e  p h y s i c a l  
p r o p e r t i e s  n o rm a l ly  s t u d i e d  -  i n c l u d i n g  v i s c o s i t y  -  have 
been  u s e d  to  p ro v e  o r  d i s p r o v e  th e  b e l i e f s  o f  d i f f e r e n t  
w o r k e r s .  C o n se q u e n tly  t h e  r e s u l t s  o f th e  p r e s e n t  work 
w ere c a r e f u l l y  exam ined f o r  p o s i t i v e  o r  n e g a t iv e  ev id ence  
on t h i s  p ro b lem . I t  i s  s u g g e s te d  t h a t  t h e r e  a re  i n d i c a t i o n s  
w h ic h  w ould  l e a d  one to  b e l i e v e  t h a t  some m in e r a l s  a t  
a n y r a t e , a r e  n o t  w h o l ly  d i s s o c i a t e d  i n  t h e  l i q u i d  s t a t e  
up t o  a t  l e a s t  1600°C.
C o n c u r r e n t ly  w i th  th e  p r a c t i c a l  work o u t l i n e d  above, a  
s tu d y  was made o f  t h e  l i t e r a t u r e  c o n c e rn in g  th e  fu n d a m e n ta l  
n a t u r e  o f  v i s c o s i t y ,  and  i t s  p o s s i b l e  e v a l u a t i o n  i n  te rm s of 
p h y s i c a l  c o n s t a n t s .  The r e s u l t s  o f  t h i s  s tu d y  w ere r a t h e r  
s u r p r i s i n g .
A lth o u g h  th e  p h y s i c i s t s  have a  f i r m l y  e s t a b l i s h e d  th e o r y  
w hich  a d e q u a te ly  e x p l a i n s  a l l  th e  phenomena o f  g a se o u s  v i s c o s i t y ,  
t h e y  have so f a r  b e en  re m a rk a b ly  u n s u c c e s s f u l  i n  d e a l in g  w i th  
t h e  p rob lem  of l i q u i d  v i s c o s i t y .  There  i s  no a c c e p te d  th e o r y  
o f  th e  m echanism o f  v i s c o u s  t r a c t i o n ,  and  i t  i s  im p o s s ib le  t o  
a d e q u a te ly  answ er such  an  a p p a r e n t l y  s im p le  q u e s t i o n ,  a s  why 
t h e  v i s c o s i t y  o f  a  l i q u i d  d e c r e a s e s  w i th  r i s e  c£ te m p e ra tu re .
I t  i s  n o t  s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  v e ry  l i t t l e  i s  known 
c o n c e rn in g  t h e  law s  g o v e rn in g  l i q u i d  m ix tu r e s .  T h is  work
T h is  w o rk /  a l t h o u g h  v e ry  in c o m p le te  a t  t h e  moment, w i l l ,  
when c o m p le te ly  d e v e lo p e d ,  he o f  c o n s id e r a b le  v a lu e  to  th e  
t e c h n o l o g i s t , and i t  was t h e r e f o r e  c o n s id e r e d  e s s e n t i a l  t o  
i n t r o d u c e  a c h a p t e r  which w o u ld  g iv e  an id e a  of th e  p r o g r e s s  
so f a r  a c h ie v e d .
M eanwhile, u n t i l  some of th e  fu n d a m e n ta l  p rob lem s of 
v i s c o s i t y  have  b e e n  s o lv e d ,  t h e  o n ly  method a v a i l a b l e  to  th e  
m e t a l l u r g i s t  f o r  i n v e s t i g a t i n g  a  p rob lem  such  a s  t h a t  
p r e s e n t e d  by  t i t a n i f e r o u s  i r o n  o r e s ,  i s  th e  s y s te m a t i c  
d e t e r m i n a t i o n  o f  v i s c o s i t y ,  su ch  a s  a d o p te d  i n  t h i s  p a p e r .
C h a p te r  T .
THEORY OF VISCOSITY OF LIQUIDS.
A f l u i d  o f f e r s  no pe rm anen t r e s i s t a n c e  t o  a f o r c e  
t e n d in g  to  change i t s  sh a p e ,  h u t  y i e l d s  s t e a d i l y  to  th e  
s m a l l e s t  d e fo rm in g  f o r c e .  The r a t e  o f  d e fo rm a t io n  hy a 
g iv e n  f o r c e  d o e s ,  how ever, v a r y  from  one f l u i d  t o  a n o th e r ,  
and th e  p r o p e r t y ,  v i s c o s i t y ,  was i n t r o d u c e d  i n  o r d e r  t o  
e v a l u a t e  t h e  v a r i a t i o n .  Yery e x te n s iv e  e x p e r im e n ts  have 
shown t h a t  t h e  r a t i o  o f  th e  s h e a r i n g  s t r e s s  t o  th e  r a t e  of 
s h e a r  i s  c o n s t a n t  f o r  any one l i q u i d  u n d e r  c o n s t a n t  
t e m p e r a tu re  and p r e s s u r e .  T h is  i s  th e  fu n d a m e n ta l  law  of 
f l u i d  f r i c t i o n ,  and th e  c o n s t a n t  r a t i o  of s h e a r in g  s t r e s s  
i n  a  f l u i d  to  i t s  r a t e  of s h e a r  i s  th e  c o e f f i c i e n t  o f  
v i s c o s i t y  of t h a t  f l u i d .
When t h e  c o e f f i c i e n t  i s  e x p r e s s e d  i n  d y n es ,  c e n t im e t r e s  
and s e c o n d s ,  t h e n  th e  u n i t  o f  v i s c o s i t y  i s  c a l l e d  a p o i s e ,
( i n  honour o f  P o i s e u i l l e ) .  The h u n d re d th  p a r t  o f a  p o i s e  
i s  c a l l e d  a c e n t i p o i s e ,  a u n i t  w h ich  happens t o  a p p ro x im a te  
v e ry  c l o s e l y  to  th e  v i s c o s i t y  o f  w a te r  a t  EO°C.
F l u i d i t y  (0 )  i s  t h e  r e c i p r o c a l  of v i s c o s i t y  ( ^ ) ,  and 
i s  u s u a l l y  e x p r e s s e d  a s : -
6 =  1
T[ ( p o i s e )
An a d e q u a te  t h e o r y  to  e x p l a i n  th e  m echanism of v i s c o s i t y  
a n d  i t s  v a r i a t i o n  w i t h  t e m p e ra tu re  and p r e s s u r e ,  has n o t  y e t
h a s  n o t  y e t /  "been f o r m u la te d .  P ro b a b ly  th e  most p ro m is in g
( 1 . 2 )
so f a r  p r o p o s e d , i s  t h a t  due to  A ndrade .
A cco rd in g  to  th e  a c c e p te d  t h e o r y  of v i s c o s i t y  o f  g a s e s ,  
e n e rg y  i s  t r a n s f e r r e d  from  one l a y e r  to  a n o th e r ,  by th e  
b o d i l y  t r a n s f e r e n c e  o f  m o le c u le s  th ro u g h  a  d i s t a n c e  l a r g e ,  
com pared w i th  t h e i r  own s i z e s .  I n  th e  c a se  o f  l i q u i d s ,  
how ever, t h e r e  i s  i n  th e  o r d i n a r y  se n se  of t h e  te rm , no 
mean f r e e  p a t h ,  th e  m o tio n  of th e  m o le c u le s  b e in g  alw ays 
i n  a n  i n t e n s e  m o le c u la r  f i e l d .  I t  i s  t h e r e f o r e  n e c e s s a r y  
to  p o s t u l a t e  a n o th e r  m ethod o f  t r a n s f e r e n c e ,  o f  en e rg y  froip 
l a y e r  to  l a y e r .
A ndrade assum es t h a t  t h i s  t a k e s  p la c e  by th e  tem p o ra ry  
u n io n  o f  m o le c u le s  o f  c o n t ig u o u s  l a y e r s  a t  th e  e x tre m e s  of 
t h e i r  v i b r a t i o n s .  The t im e  of t h i s  u n io n  i s  p o s t u l a t e d  to  
be no lo n g e r  t h a n  t h a t  r e q u i r e d  f o r  th e  m o le c u le s  t o  a c q u i r e  
a  common v e l o c i t y  o f t r a n s l a t i o n .  The b in d in g  f o r c e ,  d u r in g  
t h i s  momentary a s s o c i a t i o n  i s  th e  r e s i d u a l  f i e l d  o f  th e  
m o le c u le s ,  w hich  i s  s u f f i c i e n t  t o  b in d  them p e rm a n e n t ly  in  
th e  s o l i d  s t a t e ,  b u t  i s  overcome by th e  e n e rg y  o f  m o tion  i n  
th e  l i q u i d  s t a t e .  As th e  te m p e r a tu re  a g i t a t i o n  i n  t h e  
l i q u i d  i n c r e a s e s ,  th e  chances  o f  a  m o le c u la r  u n io n  d e c r e a s e s ,  
and t h e  v i s c o s i t y  d e c r e a s e s ,  t i l l  f i n a l l y  th e  e n e rg y  o f  
m o tio n  e x ceed s  th e  m o le c u la r  en e rg y  of a t t r a c t i o n ,  and th e  
l i q u i d  b o i l s .
F o r  th e  t r a n s f e r e n c e  of e n e rg y  th e  m o le c u le s  must 
p o s s e s s  a  c e r t a i n  m u tu a l  n e g a t iv e  p o t e n t i a l  e n e rg y  E, and
energy  E, a n d /  t h e  v i s c o s i t y  w i l l  depend on th e  number of 
m o le c u le s  p o s s e s s in g  t h i s  e n e rg y  a t  th e  e x trem es  o f  t h e i r  
v i b r a t i o n s .
Then by th e  s im p le s t  a p p l i c a t i o n  cf th e  B oltzm ann 
d i s t r i b u t i o n  f u n c t i o n ,
V t .
ij = Ae
where v  i s  th e  v i s c o s i t y  a t  T° and A and b a re  c o n s t a n t s .  
( 1 .3 )Andrade deduced  from  t h i s  th e o ry  t h a t  f o r  s im ple  
monatomic l i q u i d s ,  t h e  v i s c o s i t y  ( ^  MP) me^ ^ ri^
p o i n t  (T-y-p) s h o u ld  be g iv e n  by 
1  MP = K . ( A _ W ^
where A i s  m o le c u la r  w e ig h t ,  V m o le c u la r  volume a t  m e l t in g
-  4p o i n t  and K i s  a c o n s t a n t  of a p p ro x im a te  v a lu e  5 x  10
The c a l c u l a t e d  r e s u l t s  were o f  th e  c o r r e c t  o r d e r ,  and
r e l a t i v e  v a lu e  f o r  m ercu ry , l e a d ,  t i n ,  c o p p e r ,  an tim ony ,
b i s m u th ,  c h l o r i n e ,  b ro m in e ,  i o d i n e ,  oxygen and hy d ro g en .
(4)More r e c e n t l y  Andrade h a s  a p p l i e d  t h i s  fo rm u la  to  
t h e  monatomic l i q u i d s  a rg o n ,  p o ta s s iu m ,  caes iu m , t i n ,  
m e rc u ry ,  l e a d ,  c o p p e r ,  th e  f u s e d  s a l t s  o f  c u b ic  s t r u c t u r e  
sodium  c h l o r i d e ,  sodium b ro m id e ,  p o ta s s iu m  c h l o r i d e ,  
p o ta s s iu m  b ro m id e ,  and to  th e  l i q u i d s  o f h ig h  m o le c u la r  
sym m etry, c a rb o n  t e t r a  c h l o r i d e ,  methane and s i l i c o n  
t e t r a c h l o r i d e .
As a  r e s u l t  o f  t h i s  he has  shown t h a t : -
shown t h a t / : -
p -  n  iip  ^
/3B»— > ■ i
A T Amp
was a p p ro x im a te ly  c o n s t a n t  f o r  m o le c u le s  o f  g iv e n  c h a r a c t e r i s t i c  
s h a p e .  These r e s u l t s  g iv e  c o n s i d e r a b l e  c re d e n c e  to  A ndrades 
t h e o r y  o f  t h e  mechanism of v i s c o s i t y .
I t  i s  g e n e r a l l y  a g re e d  t h a t  th e  v i s c o s i t y - t e m p e r a t u r e  
e q u a t io n  w h ich  g i v e s  most s a t i s f a c t o r y  ag reem ent w i th  
e x p e r im e n ta l  d a t a  i s  : -
= Ae */T
T h is  was j u s t  p ro p o se d  by de G uzm aii^as a  r e s u l t  o f a 
s u g g e s t i o n  by  P o r t e r S ince  th e n ,  D u n n ^ ^  Sheppard  ^ 8 * ^ in d ra d e ^  
and P r G s to n ^ l i a v e  a l l  a r r i v e d  a t  th e  same e q u a t io n  by d i f f e r e n t  
m etho ds . The t r u e  p h y s i c a l  s i g n i f i c a n c e  o f  A and b i s  n e v e r ­
t h e l e s s ,  s t i l l  o b s c u re .
A cco rd in g  t o  Dunii7 } "b" may be i d e n t i f i e d  a s  th e  q u a n t i t y  
o f  e n e rg y  n e c e s s a r y  to  im p art  to  a m o lecu le  so t h a t  i t  may 
overcome th e  a t t r a c t i o n  of a l l  i t s  n e ig h b o u r s .  S h e p p a r l   ^
s u g g e s t s  t h a t  ”b" sh o u ld  be a w ork  f u n c t i o n  in v o lv in g  th e  
s p e c i f i c  h e a t  o f  th e  l i q u i d ,  and p ro p o se s  t h a t  i t  i n c lu d e s  a
te rm  o f  th e  ty p e  Cp (M d ) ^  where Cp i s  th e  s p e c i f i c  h e a t ,  M
( 11)t h e  m o le c u la r  w e ig h t  and d th e  d e n s i t y .  Andrade on th e  o th e r
-j t  h
hand  b e l i e v e s  "b" t o  be &L (w here K i s  th e  B oltzm ann c o n s t a n t )  
o f  th e  t o t a l  p o t e n t i a l  en e rg y  due to  th e  i n t e r m o l e c u l a r  f i e l d .  
T here  i s  c o n s i d e r a b le  d i s a g r e e m e n t , t h e r e f o r e ,  a s  t o  what 
c o n s t i t u t e s  th e  " c r i t i c a l  en e rg y "  in c lu d e d  i n  t h i s  te rm .
I t  i s  v e ry  p r o v a b le  t h a t  i t  w i l l  c o n t a in  some power 
o f  t h e  m o le c u la r  w e ig h t .  PradsacL"*"e^en s u g g e s t s  t h a t  
v a r i a t i o n  of " t ” w i t h  t e m p e r a tu re  can  he u s e d  a s  a 
m easure  o f  d e g re e  o f  a s s o c i a t i o n ,  and p o i n t s  ou t  t h a t  
t h e  method g i v e s  good ag reem en t w i th  o th e r  methods f o r
th e  a s s o c i a t i o n  f a c t o r s  o f w a t e r .
(13 )  (14:)
Ward and  H is s e n  and C la rk  "believe  t h a t  "b ” i s  a
f u n c t i o n  o f  t e m p e r a t u r e .  I n  th e  c a se  o f  a s s o c i a t e d  
l i q u i d s  t h i s  i s  p r o h a h le ,  h u t  w h e th e r  o r  n o t ,  t h e r e  i s  
a  t e m p e ra tu re  f a c t o r  a p a r t  from  t h a t  a s s o c i a t e d  w i th  th e  
m o le c u la r  w e ig h t  i s  s t i l l  u n c e r t a i n .
Even l e s s  c an  he s a id  w i t h  c e r t a i n t y  ahou t t h e  p h y s i c a l  
s i g n i f i c a n c e  o f  th e  c o n s t a n t  ,TA,T i n  th e  f o r m u la ; -
V = Ae .
( 11)A ndrade s u g g e s te d  t h a t  th e  te rm  c o n ta in e d  t h e  f a c t o r s  
l/[ % d“ 'fe where M i s  m o le c u la r  w e ig h t  and d d e n s i t y .  l a t e r ,  
he i n t r o d u c e d  t h e  e q u a t i o n ; -
A
1  “- 7 ^  -e
S in c e  t h i s  a  number o f  w orkers  have s u g g e s te d  t h a t  T,An i s
a f u n c t i o n  o f  volum e.
(15 )
E y r i n g % s u g g e s te d ;  -
r j  = e  E /fcP
(16) TT 
and  S in h a  = 6RT
7  e1 nVv
The p a ro c h o r  i s  a  m easure  o f  th e  m o le c u la r  volum e, and t h e r e
i s  more p r e c i s e  d a ta  v a i a l a b l e  i n  th e  p a ro c h o r  fo rm  t h a n  as
(17) . (18)
t r u e  m o le c u la r  volum e, l e w i s  and l e w i s  and Morgan have p u t
fo rw a rd  v i s c o s i t y - t e m p e r a t u r e  fo rm u la e  f o r  g ro u p s  o f  c l o s e l y
a l l i e d  s u b s t a n c e s ,  i n  w h ich  A i s  a f u n c t i o n  o f  th e  l o g a r i th m
of t h e  p a ro c h o r .
A p a r t  from  t h i s  r a t h e r  vague r e l a t i o n  to  s p e c i f i c  or 
m o le c u la r  volume , l i t t l e  has  b e en  d e c id e d  a s  to  th e  t r u e  
s i g n i f i c a n c e  o f  A.
(19)F r i s c h  and  E y r in g  have r e c e n t l y  d e r iv e d  a  v i s c o s i t y -  
t e m p e r a tu re  r e l a t i o n s h i p  i n  w hich  th e  "A" te rm  has assumed 
a v e r y  complex n a t u r e .  They c o n s id e r e d  th e  mechanism o f  
v i s c o u s  f lo w  a s  t h e  p a ssa g e  over one a n o th e r ,  o f  p a i r s  o f 
m o le c u le s  i n  a d j a c e n t  l a y e r s ,  and assum ed t h i s  t o  be 
d ep en d en t  on th e  law s g o v e rn in g  th e  r e a r ra n g e m e n t  o f m a t t e r , 
by  su rm o u n tin g  a p o t e n t i a l  b a r r i e r .  On. t h i s  a s su m p t io n ,  
v i s c o s i t y  and te m p e ra tu re  a re  c o n n e c te d  by th e  f o l lo w in g  
e q u a t io n :  -
R i s  t h e  g as  c o n s t a n t ;  I f  i s  th e  number o f  m o le c u le s  i n  a 
g i v e n  mass o f  l i q u i d  of volume VT; JJg and Ue a r e  t h e  
v e l o c i t i e s  o f  sound  i n  th e  gas and  l i q u i d  p h a s e s ,  w h i le  
E i s  th e  " a c t i v a t i o n  en e rg y  f o r  v i s c o u s  f lo w " .
I n  th e  w r i t e r s  o p in io n ,  AndradeTs t h e o r y  i s  s u p e r i o r  
t o  t h a t  o f  th e  e a r l i e r  th e o r y  o f  McLeod, i n  view o f  i t s  more 
fu n d a m e n ta l  a p p ro a c h  to  th e  p ro b lem . However, McLeod i s  th e
McLeod i s  t h e /  o n ly  w o rk e r  who h as  a p p l i e d  h i s  t h e o r y  w i t h  
any s u c c e s s  t o  th e  p ro h lsn  o f  t h e  v i s c o s i t y  o f  l i q u i d  
m ix tu r e s ,  i t  w i l l  t h e r e f o r e  he c o n v e n ie n t  to  o u t l i n e  h i s  
t h e o r y .
McLeo k 2 0 l  ssumed t h a t  v i s c o s i t y  depended  on two f a c t o r s ,  
t h e  ”f r e e s p a c e n , i . e .  th e  t o t a l  volume minus th e  volume 
o c c u p ie d  hy t h e  m o le c u le s ,  and th e  m o le c u la r  w e ig h t .  He 
s u g g e s te d  t h a t  v i s c o s i t y  d e c r e a s e d  w i th  i n c r e a s e  o f  f r e e  
s p a c e ,  and  was g r e a t e r , th e  g r e a t e r  th e  m o le c u la r  w e ig h t .
F o r  a  n o n - a s s o c i a t e d  l i q u i d ,  o r  a  l i q u i d  i n  w h ich  th e  
d e g re e  of a s s o c i a t i o n  does n o t  a l t e r  o v e r  th e  ra n g e  o f  
t e m p e ra tu re  exam ined , tjie  m o le c u la r  w e ig h t  i s  c o n s t a n t ,  
and  assum ing  th e  ah ova we may w r i t e : -
o = (X t)^
V  t  ' ( l o )
w h e re 7] o i s  t h e  v i s c o s i t y  a t  to°G a n d ^ t h e  v i s c o s i t y  a t  
t ° C ,  w h i le  X t and  l o  a r e  th e  c o r re s p o n d in g  rlf r e e  s p a c e s 11 
a t  t h e s e  t e m p e r a t u r e s ,  and A i s  a c o n s t a n t .  McLeod assum ed 
t h a t  f r e e  sp a ce  f o l lo w e d  th e  law s of s im p le  e x p a n s io n  when 
p r e s s u r e  was c o n s t a n t  t h u s : -
o (xo + a t  + p t^  + y  + ^
t  ( Xo )
w here a 9 p and y  a r e  t h e  norm al c o e f f i c i e n t s  o f  e x p a n s io n  
f o r  th e  l i q u i d .
When t h i s  e q u a t io n  was f i t t e d  to  e x p e r im e n ta l  d a t a ,  i t  
was fo u n d  t h a t  f o r  n o n - a s s o c i a t e d  l i q u i d s  A had  th e  
a p p ro x im a te  v a lu e  o f  u n i t y ,  h u t  f o r  a s s o c i a t e d  l i q u i d s  i t
l i q u i d s  i t /  was l a r g e r ,  ( e . g .  f o r  "butyl a l c o h o l  i t  has  th e  
v a lu e  o f  3 * 4 ) .  T h is  i s  e x p la in e d  "by assum ing  t h a t  when a 
l i q u i d  i s  a s s o c i a t i n g  w h i le  c o o l in g ,  th e  a s s o c i a t e d  m o le c u le s  
e n c lo s e  come o f  th e  nf r e e  s p a c e 11, and c o n s e q u e n t ly  th e  
v i s c o s i t y  i n c r e a s e s  a t  a g r e a t e r  r a t e  t h a n  f o r  a  non ­
a s s o c i a t i n g  l i q u i d .  S i m i l a r l y ,  d i s s o c i a t i o n  d u r in g  h e a t i n g ,  
l e a d s  to  an e x c e p t i o n a l  i n c r e a s e  o f  f r e e  sp ace  and a r a p i d  
d e c r e a s e  o f  v i s c o s i t y .
By p l o t t i n g  m o le c u la r  w e ig h t  a g a i n s t  v i s c o s i t y  a t  
t e m p e r a tu r e s  o f  e q u a l  f r e e  sp a c e ,  McLeoi ^showed t h a t  t h e r e  
was r e a s o n a b le  g round  f o r  assum ing  v i s c o s i t y  p r o p o r t i o n a l  
t o  m o le c u la r  w e ig h t ,  o r  i n  th e  c a se  o f  a s s o c i a t e d  l i q u i d s ,  
t o  t h e  a g g r e g a te  w e ig h t  of th e  a s s o c i a t e d  m o le c u le .  Thus 
he a r r i v e d  a t  t h e  f o r m u l a ; -
7i = K(M a )
* X
w here K i s  a  c o n s t a n t ;  M th e  m o le c u la r  w e ig h t ,  9k an
a s s o c i a t i o n  f a c t o r  and X th e  " f r e e  s p a c e " .
I n  a  l a t e r  pap^r^Ae s u b s t i t u t e s  f o r  th e  m o le c u la r  w e ig h t ,
0 ll/m * r r
th e  e x p o n e n t i a l  f u n c t i o n  M0e g i v in g  th e  new e q u a t io n .
rj = K Mo eo l l /T V  
' Z
w h ich  he r e d u c e d  to  th e  f o r m :-
r , =  B e  o l l /TV. 
( T
c o n t a i n i n g  o n ly  two c o n s t a n t s .
McLeod assume© t h a t  t h e  v i s c o s i t y  o f  m ix tu r e s ,  l i k e  t h a t  
o f  p u re  l i q u i d s ,  was a f u n c t i o n  o f  f r e e  s p a c e .  He suggested , 
t h a t  th e  c o n t r a c t i o n  i n  volume o f t e n  e x h i b i t e d  "by l i q u i d  
m ix t u r e s ,  w h ich  show a maximum i n  t h e i r  v i s c o s i t y  -  
c o m p o s i t io n  c u r v e s ,  i s  th e  c au se  o f  t h e  i n c r e a s e d  v i s c o s i t y ,  
and  h a s  th e  same e f f e c t  as  a c o n t r a c t i o n  on c o o l i n g .
A c c o rd in g  t o  McLeods t h e o r ^ i ^  two l i q u i d s  a r e  m ixed, 
one o f  w hich  h a s  a low v i s c o s i t y  and t h e r e f o r e  a l a r g e  nf r e e  
s p a c e ” w h i l e  t h e  o th e r  has  a h ig h  v i s c o s i t y  and a sm a l l  ”f r e e  
s p a c e ” , th e  l i q u i d  w i th  th e  l a r g e  ”f r e e  s p a c e ” w i l l  shew 
some o f  i t  w i th  t h e  more v i s c o u s  one .
I n  t h e  developm en t o f  t h i s  i d e a  m a th e m a t i c a l ly ,  McLeod 
was f o r c e d  t o  a d o p t  th e  a p p ro x im a t io n  t h a t  th e  ”f r e e  s p a c e ” 
was t h e  same f o r  b o th  com ponents , and  e q u a l  t o  *100. The 
f o l lo w in g  e q u a t io n  f o r  th e  v i s c o s i t y  o f a  m ix tu re  i n  te rm s  
of t h e  v i s c o s i t i e s  o f  i t s  c o n s t i t u e n t s  i s  t h e r e f o r e  
a p p l i c a b l e  o n ly  t o  m ix tu r e s  o f  l i q u i d s  o f  s i m i l a r  v i s c o s i t y .
VT and  Yg a r e  th e  volume f r a c t i o n s  o f  l i q u i d s  o f  v i s c o s i t i e s  
T and g ; A T and  Ag, a r e  c o n s t a n t s  and C i s  t h e  c o n t r a c t i o n  
on m ix in g  p e r  u n i t  volum e. As th e  v a lu e  u se d  f o r  ”f r e e  
s p a c e ” i s  an  a p p ro x im a t io n ,  t h e  c o n s t a n t s  Af and  Ag a r e  q u i t e  
d i f f e r e n t  from  th o s e  d e r iv e d  f o r  th e  v i s c o s i t y - t e m p e r a t u r e  
e q u a t io n  o f  th e  s im p le  s u b s ta n c e .
The above e q u a t io n  h a s  b e en  f i t t e d  t o  e x p e r im e n ta l  d a ta  
f o r  some o r g a n ic  m ix tu r e s ,  w i th  c o n s i d e r a b le  s u c c e s s ,  -and
c o n s id e r a b le  s u c c e s s ,  -end/ w h i le  w i th  o t h e r  m ix tu re s  i t  has  
f a i l e d .  However, i t  i s  t h e  most s u c c e s s f u l  e q u a t io n  so f a r  
p ro p o s e d ,  a l th o u g h  i t  must be r e a l i s e d ,  t h a t  i t , i n  i t s  
deve lopem en t from  McLeod1s o r i g i n a l  t h e o r y ,  i t  h a s  become
i? m |> i V I C a 1
l a r g e l y  ox-p e r i en e e .
C l e a r l y  th e  p h y s i c i s t  h a s  many p ro b lem s  t o  so lv e  b e f o r e  
he w i l l  be a b le  t o  c a l c u l a t e  f o r  t h e  m e t a l l u r g i s t ,  t h e  
v i s c o s i t y  o f  a  f u r n a c e  s l a g  c o n ta in i n g  f o u r ,  f i v e ,  s i x  or 
more c o n s t i t u e n t s .
C h a p te r  2
LITERATURE OR THE VISCOSITY OF BLAST 
FERHAGE SLAGS.
More t h a n  90% "by w e ig h t  o f  a "b last f u r n a c e  s l a g  i s  male 
up o f  l im e ,  a lu m in a ,  s i l i c a  and  m ag n e s ia .  The re m a in d e r ,  w hich  
i n  some c a s e s  may n o t  exceed  3%, c o n s i s t s  of c a lc iu m  s u lp h id e  
and t r a c e s  o f  i r o n  o x id e ,  manganese o x id e ,  t i t a n i a  e t c .
The e x p e r im e n ta l  s tu d y  of th e  v i s c o s i t y  o f  "blast f u r n a c e  
s l a g s ,  c o n s e q u e n t ly  r e s o l v e d  i t s e l f  i n t o  two p a r t s : -
1 .  The s y s te m a t i c  d e te r m in a t io n  of th e  v a r i a t i o n  of 
v i s c o s i t y  w i th  t e m p e ra tu re  and  c o m p o s i t io n  of l im e -a lu m in a -  
s i l i c a - m a g n e s i a  s l a g s  i n  t h a t  p a r t  of th e  q u a te r n a r y  i n  w h ich  
"b las t f u r n a c e  s l a g s  n o rm a l ly  o c c u r .
2 . The e f f e c t  o f  sm a l l  a d d i t i o n s  o f  o th e r  compounds su c h  
a s  c a lc iu m  s u lp h id e  and i r o n ,  manganese and t i t a n i u m  o x id e s  
on t h e  v i s c o s i t y  o f  th e  q u a te r n a r y  s l a g s .
B in a r y  L im e - S i l i c a  M e l t s .
The work done on th e  v i s c o s i t y  of s im p le  l i m e - s i l i c a  s l a g s ,  
h a s  "been l a r g e l y  a s e a r c h  f o r  e v id e n c e  o f  t h e  e x i s t a n c e  o f  th e  
compound c a lc iu m  m e t a s i l i c a t e  (CaO.SiOg) i n  th e  l i q u i d  s t a t e .
E n d e l  j  p u b l i s h e d  i s o th e r m a l  c u rv e s  o f v i s c o s i t y
a g a i n s t  c o m p o s i t io n  which show no "break n e a r  th e  compound
(26) one/
c o m p o s i t io n .  The c u rv e s  o f  H e r ty  and -ef- h i s  c o -w o r k e r s ,  ^o f
R a i t ,  M cM illan  and  Hay , on t h e  o th e r  h an d , show a d i s t i n c t  
minimum, a lm o s t  e x a c t l y  on t h e  compound c o m p o s i t io n .
(27)
C o n se q u e n tly  E n d e l l  a s s e r t s  t h a t  c a lc iu m  m e ta s il ic a - fe  i s  
c o m p le te ly  d i s s o c i a t e d  to  i t s  c o n s t i t u e n t  o x id e s  i n  b i n a r y  
l i m e - s i l i c a  m e l t s ,  w h i le  H e r ty  and R a i t  b o th  c la im  t h a t  th e  
compound i s  a t  l e a s t  p a r t i a l l y  s t a b l e  a t  t e m p e ra tu re s  j u s t  
e x c e e d in g  i t s  f u s i o n  p o i n t .
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  a  s i m i l a r  s t a t e  o f
(28)
a f f a i r s  e x i s t s  c o n c e rn in g  th e  s o d a - s i l i c a  sy s te m . P r e s t o n  
c la im s  th e  e x i s t e n c e  o f  a  minimum i n  t h e  i s o th e r m a l  v i s c o s i t y
c u rv e s  c o r r e s p o n d in g  t o  th e  compound ITag0.2Si02; w h i le  E n del
of th e  compound c o m p o s i t io n .
The r e s u l t s  r e c o r d e d  i n  t h i s  p a p e r  su p p ly  f u r t h e r  
e v id e n c e  t h a t  c a lc iu m  m e t a s i l i c a t e  does e x i s t  i n  th e  l i q u i d  
s t a t e .
T e rn a ry  L im e -A lu m in a -S i l ic a  M e l t s .
T hat p o r t i o n  o f  th e  l i m e - a l u m i n a - s i l i c a  t e r n a r y  of
im p o r ta n c e  t o  b l a s t  f u r n a c e  s l a g s  has  b e e n  s t u d i e d  by F e i l d
^ (30) ,(31) (27)and R o y s te r  ; M eC affe rpy ; and R a i t ,  M cM illan , and Hay. I n
F i g . l ,  th e  r e s u l t s  o f  th e  t h r e e  s e t s  o f w o rk e rs  f o r  a 
t e m p e r a tu r e  o f  1500°C a re  p l o t t e d  a s  i s o v i s  c u rv e s  on th e  
same d ia g ra m . C l e a r l y  t h e r e  i s  no c o rre sp o n d e n c e  i n  t h e i r  
r e s u l t s  e i t h e r  i n  a b s o l u t e  v a lu e s  o r i n  th e  g e n e r a l  p a t t e r n  
o f  th e  c u r v e s .  A com parison  o f  r e s u l t s  a t  o t h e r  t e m p e r a tu re s  
y i e l d s  a s i m i l a r  l a c k  o f  a g re em e n t.
F e i l d  and  R o y s t e r ,  and M cC affer^y  b o th  u s e d  M a rg u le Ts 
a p p a r a t u s ,  w h i le  R a i t ,  M cM illan  and Hay u s e d  S e a r l e Ts



























u s e d  S e a r l e Ts /  m o d i f i c a t i o n  of M arg u l^s  a p p a r a tu s  f o r  
v i s c o u s  s l a g s ,  and th e  lo g a r i th m ic  decrem ent method f o r  
t h e  more f l u i d  s l a g s .
I n  M a rg u le Ts a p p a r a tu s  th e  c r u c i b l e  c o n ta in in g  th e  
s l a g  i s  r o t a t e d  a b o u t  i t s  a x i s ,  and th e  v i s c o s i t y  i s  
c a l c u l a t e d  f ro m  th e  t o r q u e ,  th e  s l a g  e x e r t s  on a s p i n d l e  
su sp en d e d  i n  t h e  m e l t .  I n  S e a r l e Ts a p p a r a tu s  v i s c o s i t y  
v a l u e s  a r e  deduced  from  th e  e n e rg y  n e c e s s a ry  to  r o t a t e  a 
a c y l i n d e r  immersed i n  th e  s l a g  to  a known d e p th .  The 
decrem ent m ethod i s  f u l l y  d e s c r ib e d  l a t e r .
The w ork  o f  F e i l d  and R o y s te r  has  been  c r i t i c i s e d  on 
t h e  g ro u n d s  t h a t  h i s  t e m p e ra tu re  m easurem ents were 
u n r e l i a b l e .  These  w orke rs  u se d  a g ra n a n n u la r  f u r n a c e ,  
and a s  M eC afferey  p o i n t s  o u t ,  th e  c o n s i d e r a b le  e v o lu t i o n  
o f  g a s  from  t h i s  ty p e  o f  f u r n a c e  would i n t e r f e r e  w i th  
r e a d i n g s  t a k e n  by  an  o p t i c a l  p y ro m e te r .  F e i l d  and  R o y s te r  
a l s o  made no a l lo w a n c e  f o r  th e  non b la c k  body c o n d i t i o n s  
e x i s t i n g  i n  t h e i r  f u r n a c e .
M eC affe rey  d e p a r t e d  from  th e  u s u a l  d e s ig n  o f  M a rg u le Ts 
v i s c o m e te r  by  em ploying  a c e n t r a l  s p in d le  o f  sq u a re  i n s t e a d  
o f  th e  u s u a l  c i r c u l a r  c ro s s  s e c t i o n .  The fu n d a m e n ta l  
p r i n c i p l e  o f  M a rg u le Ts method i s  t h a t  t h e  i n n e r  c y l i n d e r  be 
u s e d  to  m easu re  th e  to rq u e  e x e r t e d  by a c y l i n d e r i c a l  f i l m  
o f  l i q u i d  c o a x i a l  w i th  th e  in n e r  s u r f a c e  of a  c y l i n d r i c a l  
c r u c i b l e .  O b v io u s ly  t h e  employment o f  a  sq u a re  s p in d le  r o b s  
t h e  a p p a r a tu s  o f  i t s  t h e o r e t i c a l  b a s i s .
M cC affe r^y  d id  n o t  u se  h i s  a p p a r a tu s  a s  an  a b s o l u t e  
i n s t r u m e n t ,  b u t  c a l i b r a t e d  i t  a g a i n s t  a l i q u i d  of known 
v i s c o s i t y  ( c a s t o r  o i l ) .  Even t h i s ,  does n o t  p u t  h i s  
a p p a r a tu s  on a p h y s i c a l l y  sound b a s i s ,  f o r  t h e r e  i s  bound 
t o  be t u r b u l e n t  f lo w  a ro u n d  a sq u a re  s p i n d l e ,  owing t o  t h e  
v a r i a t i o n  o f  th e  w id th  of th e  c h a n n e l ,  th ro u g h  w hich t h e  
l i q u i d  must f lo w .  T h is  w i l l  be e s p e c i a l l y  so a t  t h e  edges 
o f  t h e  s q u a r e ,  where th e  l i q u i d  h as  su d d e n ly  to  change i t s  
d i r e c t i o n  th r o u g h  a r i g h t  a n g le .
M cC affe r^y  a d o p te d  t h i s  shape o f  s p i n d l e  b ecau se  i t  
gave g r e a t e r  d e f l e c t i o n s  th a n  th e  c y l i n d r i c a l  t y p e .  I t  i s  
p r o b a b le  t h a t  t h e  i n c r e a s e  of d e f l e c t i o n  i s  due to  t u r b u l e n t  
f lo w ,  and i s  a  f u n c t i o n  of s l a g  d e n s i t y .
C l e a r l y  M c C a ffe ry Ts r e s u l t s  a re  t o  be a c c e p te d  w i th  
r e s e r v e .
The most r e l i a b l e  s tu d y  of the  v i s c o s i t y  of l im e -a lu m in a -  
s i l i c a  s l a g s  a t  p r e s e n t  a v a i l a b l e ,  i s  t h a t  due t o  R a i t ,  Hay 
and  M cM illan . As m en tio n ed  above , t h e s e  w o rk e rs  u s e d  S e a r l e Ts 
a p p a r a tu s  f o r  th e  more v i s c o u s  s l a g s  and th e  l o g a r i th m ic  
d ecrem en t f o r  th e  more f l u i d .  B o th  of t h e s e  m ethods a re  
b a s e d  on a  r e l i a b l e  t h e o r e t i c a l  b a s i s .  T em pera tu re  
m easu rem en ts  were made w i th  a  tungsten -m olybdenum  th e rm o c o u p le ,  
and a r e  n o t  t h e r e f o r e  open to  th e  c r i t i c i s m s  l e v e l l e d  a t  th e  
w ork o f  F e i l d  and R o y s te r .  In  t h i s  c o n n e c t io n ,  i t  may be 
n o te d  t h a t  R a i t  e t  a l ,  g o t  i n f l e x i o n s  i n  t h e i r  v i s e o s i t y -  
t e m p e r a tu r e  c u r v e s ,  c o r re s p o n d in g  to  th e  l i q u i d u s
th e  l iq .u id .u s /  t e m p e r a tu r e ,  w hich-w ere  i n  c lo s e  agreem ent
(39)
w i t h  t e m p e r a tu r e s  g i v e n  by R an k in  and. W rig h t .
Q u a te rn a ry  Lime-A lum in a- S i l i c a-Mag n e s ia  M e l t s .
The o n ly  s y s te m a t i c  e x a m in a t io n  of th e  v i s c o s i t y - t e m p -
: e r a t u r e  r e l a t i o n s  o f  l im e - a l u m i n a - s i l i c a - m a g n e s i a  s l a g s  i s
(31 )
due t o  M eC affe ry  e t  a l .  The method employed by t h e s e  w orke rs  
h a s  a l r e a d y  b e en  d i s c u s s e d .  T h e i r  r e s u l t s  l e d  them t o  two 
im p o r ta n t  c o n c l u s i o n s .
1 .  The a d d i t i o n  of m agnesia  t o  a l i m e - a l u m i n a - s i l i c a  
s l a g  d e c r e a s e s  th e  v i s c o s i t y  d o n s id e r a b ly .
2 . The e f f e c t  o f  v a ry in g  t h e  l im e ,  a lu m ina  o r  s i l i c a  
c o n te n t s  o f  a  q u a te r n a r y  s l a g  does n o t  a l t e r  t h e  v i s c o s i t y  
a t  a  g iv e n  t e m p e r a t u r e ,  so g r e a t l y ,  a s  would a  c o r re s p o n d in g  
a l t e r a t i o n  i n  a  s im p le  t e r n a r y  s l a g .
The E f f e c t  o f  s m a l l  Amounts o f  o th e r  c o n s t i t u e n t s  on th e  
V i s c o s i t y  o f  Q u a te rn a ry  S l a g s .
The w ork on w hat was d e s c r i b e d  i n  th e  op en ing  
p a r a g r a p h  a s  th e  second p a r t  o f  t h e  s tu d y  o f  th e  v i s c o s i t y  
of b l a s t  f u r n a c e  s l a g s ,  i s  a t  th e  moment v e r y  f r a g m e n ta ry  
and  in c o m p le te .
( 32)  (33)
B o th  T s y le v  and Semik a g re e  t h a t  sm a l l  p e r c e n ta g e s  of
m anganese o x id e  d e c re a s e  th e  v i s c o s i t y  o f q u a te r n a r y  s l a g s .  
They d i s a g r e e ,  how ever, a s  t o  th e  e f f e c t  o f  c a lc iu m  s u lp h id e .  
T s y le v  s t a t e s  t h a t  s m a l l  a d d i t i o n s  o f  C alc ium  s u lp h id e  
i n c r e a s e  th e  v i s c o s i t y  of l i m e - a l u m i n a - s i l i c a - m a g n e s i a  s l a g s ,  
t h e  e f f e c t  b e in g  g r e a t e s t  i n  th e  more b a s i c  s l a g s .  S e m ik 's
Sem ikTs /  r e s u l t s  s u g g e s t  t h a t  a l th o u g h  c a lc iu m  s u lp h id e  
i n c r e a s e s  th e  v i s c o s i t y  o f  th e  more a c i d  q u a te rn a ry  s l a g s ,  
th e  e f f e c t  on th e  more "basic i s ,  i f  a n y th in g ,  to  d e c re a s e  
t h e  v i s c o s i t y .
(34)
E n d e l l  and  ICley have s t u d i e d  th e  e f f e c t  of s m a l l  
a d d i t i o n s  o f  p o t a s h ,  soda  and f e r r o u s  ox id e  to  q u a te r n a r y  
s l a g s  and fo u n d  t h a t  t h e y  a l l  d e c re a s e  th e  v i s c o s i t y ,  
f e r r o u s  ox ide  b e in g  th e  most and p o ta s h  th e  l e a s t  
e f f e c t i v e .
With th e  e x c e p t io n  o f  a few  i s o l a t e d  d e te r m in a t io n s
(35) (36)
by E n d e l l  and  Brinkmann and V o la ro v ic h  t h e r e  h as  been  no
a t t e m p t  t o  s tu d y  th e  e f f e c t  o f  t i t a n i a  on th e  v i s c o s i t y  o f
b l a s t  f u r n a c e  s l a g s .
C h a p te r  5 .
The LOGARITHMIC DECREMENT MET HOD OF MMSHRIITG- VISCOSITY.
I t  was d e c id e d  t o  u se  th e  lo g a r i th m ic  decrem ent
m ethod of m easu r in g  v i s c o s i t y .  T h is  was f i r s t  i n t r o d u c e d  
(37 )
by Coulomb , who caused  a h o r i z o n t a l  c i r c u l a r  d i s c
su sp en d ed  from  a w i r e ,  t o  o s c i l l a t e  abou t i t s  a x i s ,  i n
a i r ,  and  t h e n  i n  th e  l i q u i d  t o  be  exam ined. From th e
l o g a r i t h m i c  decrem ent of th e  d i s c s  m o tion  he deduced
c e r t a i n  " r e s i s t a n c e  f a c t o r s " ,  b u t  made no a t te m p t  to
d e r i v e  a b s o l u t e  v i s c o s i t i e s .
The m ethod was f i r s t  u s e d  a t  h ig h  te m p e r a tu r e s  by 
(24 )
E n d e l l  , who u se d  an  o s c i l l a t i n g  body which c o n s i s t e d  of
a  p la t in u m  b a l l  a t  th e  end of a s h o r t  p la t in u m  r o d .  He
c a l i b r a t e d  h i s  a p p a r a tu s  a g a i n s t  l i q u i d s  o f known v i s c o s i t y
and  u s e d  i t  t o  i n v e s t i g a t e  s o d a - s i l i c a  m e l t s .
The fo rm  o f  o s e i l l a t e r  u s e d  i n  t h i s  p a p e r  was
(38)
in t r o d u c e d  by  R a i t  and Hay. In  t h e i r  i n v e s t i g a t i o n  o f  
th e  v i s c o s i t y  o f l i m e - a l u m i n a - s i l i c a  s l a g s ,  th e s e  w o rk e rs  
.used  a n  o s e i l l a t e r  which c o n s i s t e d  o f  a  lo n g  r i g i d  s p i n d l e ,  
su sp en d ed  from  a phosphor b ro n z e  s u s p e n s io n  t a p e .  The 
imm ersed p a r t  o f  the  s p i n d l e  was c y l i n d r i c a l  i n  sh a p e .
T h is  fo rm  h a s  a  no l e s s  s e c u re  t h e o r e t i c a l  f o u n d a t i o n ,  
and i s  much more c o n v e n ie n t  t o  work w i t h  i n  th e  l i m i t e d  
sp ace  a v a i l a b l e  i n  a h ig h  te m p e ra tu re  f u r n a c e , t h a n  e i t h e r  
o f th e  two fo rm s m en tio ned  abo ve .
The a p p a r a t u s  u s e d  by R a i t  and Hay had  a u s e f u l  ra n g e  '
21 .
a u s e f u l  r a n g e /  of 0*5 -  16 p o i s e .  T h is  has  "been i n c r e a s e d
to  0*5 -  40*0 p o i s e  i n  th e  p r e s e n t  a p p a r a tu s  hy r e p l a c i n g
th e  p h o s p h e r -h ro n z e  su s p e n s io n  "by a s t e e l  s u s p e n s io n  o f
g r e a t e r  r e s t o r i n g  t o r q u e .
T heory  o f  th e  Decrement M ethod .
When th e  s p i n d l e  i s  o s c i l l a t i n g  w i th  th e  c y l i n d e r
immersed i n  th e  m o lten  s l a g ,  th e  a c c e l e r a t i o n  a t  any
i n s t a n t  i s  c o n t r o l l e d  hy two f o r c e s ;  t h e  r e s t o r i n g  to r q u e
o f  th e  s u s p e n s io n  and th e  damping a c t i o n  of th e  s l a g .  I f
t h e  t o r q u e  p e r  u n i t  t w i s t  o f  th e  ta p e  he 1 ,  th e n  when th e
s p i n d l e  i s  X d e g re e s  from  i t s  z e ro  p o s i t i o n ,  th e  r e s t o r i n g
t o r q u e  w i l l  he -  D X. The damping a c t i o n  o f  the  s l a g  i s
p r o p o r t i o n a l  to  i t s  v i s c o s i t y  and t o  th e  v e l o c i t y  o f  th e
c y l i n d e r  s u r f a c e ,  and w i l l  he -  K c b c  where w i s  th e
d t
v i s c o s i t y ,  and K an  a p p a r a tu s  c o n s t a n t .
The m o tio n  o f  th e  c y l i n d e r  can  th e n  he r e p r e s e n t e d  hy
t h e  f o l lo w in g  e q u a t i o n ; -
I  a fx  = -  t o  -  Dx
d t  d t
w here I  i s  th e  moment of i n e r t i a ,  o f  th e  s p in d le  a h o u t  i t s
a x i s  o f r o t a t i o n .  The s o l u t i o n  o f  t h i s  e q u a t io n ,  assum ing
t h a t  t h e  s p i n d l e  s t a r t s  from  r e s t ,  w i t h  an  o r i g i n a l  a m p l i tu d e
a .  a t  t im e  z e ro  i s ; -
i  / 2 I ) S] e s i cos  [ j ( t  * -  *)
w h e r e , t a n  6 = K v  / 2 l
/ ( B / I  - (k / S I )2 /
T h is  s o l u t i o n  can  "be w r i t t e n  a s ; -
-Kp t  /o T
X = C e I cos
Dw here  C = a  \f / I
/(? V ’' - '
- k  V 21
D/ i  - (K7 /2 i )2
Thus t h e  p e r io d  o f  o s c i l l a t i o n  T, i s  g iv e n  hy ; -  
T = 2*_______
^ / i  - ( I? )
The damping f a c t o r  o f th e  m o tio n  i s  Ge “  V and  t h e r e f o r e
a t  t im e  t  th e  a m p l i tu d e  i s ; -
a ,  = C
and a t  t im e  t  and  T ; -
a g = C e " k ']( t  + T ) / 2 I
Thus th e  l o g a r i t h m i c  d ecrem en t l o g ep» i s
l o g e p = l o g e av _ IC T
2 I
a 2
S u b s t i t u t i n g  f o r  T and s o l v i n g  f o r  n .
</T)X l o g 0p . 0
K*
H / dI  l o g cP» when l o g e p i s  v e r y  s m a l l .
K *
Thus f o r  s m a l l  d e c re m e n ts  t h e  v i s c o s i t y  i s  d i r e c t l y
p r o p o r t i o n a l  t o  th e  l o g a r i t h m i c  d e c re m e n t .  T h is  was
{ 38 )v e r i f i e d  e x p e r i m e n t a l ly  hy H a l t  and Hay'«
C hap te r  4 .
DESCRIPTION OF APPARATUS WELOYED.
S c a le  d iag ram s of th e  a p p a r a tu s  a re  g iv e n  i n  F i g s .  2 
and 3.
The f u r n a c e  was o f  th e  r e s i s t a n c e  t y p e ,  th e  h e a t in g  
e le m e n t  c o n s i s t i n g  of 36 f e e t  o f  *04 in c h  d ia m e te r  
molybdenum w ire  wound f i v e  times to  th e  in c h  on a  t h r e e  
i n c h  d ia m e te r  alundum fo rm e r .
The o s c i l l a t i n g  p a r t  or s p in d le  o f  the  v is c o m e te r  
was su spended  from  a b r a s s  g ib b e t  by a s t e e l  su s p e n s io n  
t a p e .  The a s b e s t o s  p la t f o r m  to  which t h i s  g i b b e t  was 
f i x e d ,  r e s t e d  on a r e c t a n g u l a r  fram ew ork b u i l t  up from  
th e  f u r n a c e  c a s i n g ,  and c o u ld  be a c c u r a t e l y  l e v e l l e d  by 
f o u r  o f  th e  u s u a l  screw  d e v ic e s .
The h o r i z o n t a l  arm o f  th e  g ib b e t  c o u ld  be r a i s e d  o r  
lo w e re d  th r o u g h  a d i s t a n c e  o f  t h r e e  in c h e s .  T h is  was a 
c o a r s e  a d ju s tm e n t  o n ly ,  a  f i n e  a d ju s tm e n t  by means of which 
th e  s p i n d l e  c o u ld  be r a i s e d  o r  lo w ered  by sm a ll  e x a c t  
am ounts b e in g  i n c o r p o r a te d  im m e d ia te ly  above th e  s u s p e n s io n  
t a p e .  The f i n e  a d ju s tm e n t  was p ro v id e d  w i th  a p o i n t e r  
w hich  moved o v e r  a  sm a l l  s c a l e  g ra d u a te d  i n  t e n t h s  o f  an 
in c h .
The u p p e r  p a r t  o f  th e  s p in d le  was o f  b r a s s  and c o n s i s t e d  
of a  v e r t i c a l  ro d  and c r o s s  beam. The l a t t e r  c a r r i e d  two 
s y m m e t r i c a l ly  p la c e d  100 gm. w e ig h ts ,  w hich  s u p p l i e d
Keys t o  F i g s .  2 and. 5 .
1 . F u rn a c e  f e e t .
2. F u rn a c e  l e g s .
3 . I n l e t  f o r  p r o t e c t i n g  g a s e s .
4 . P y th a g o r a s  tu b e .
5 . F u rn a c e  c a s in g .
6 . F u rn a c e  w in d in g .
7 . G -raphite  c r u c i b l e .
8 . G r a p h i te  i n n e r  o s c i l l a t i n g  c y l i n d e r .
9 . G r a p h i t e  r o d .
10 . G ra p h i te  c o u p l in g .
11 . G r a p h i te  r o d .
12 . D ura lum in  c o u p l in g .
13 . B r a s s  r o d .
14 . P y th a g o r a s  tu b e .
15 . B ra s s  c r o s s b a r  and 100 gm. w e ig h ts .
1 6 . lo w e r  clamp f o r  s t e e l  s u s p e n s io n .
17 . S t e e l  s u s p e n s io n .
1 8 . U pper clamp f o r  s t e e l  s u s p e n s io n .
19 . F in e  a d ju s tm e n t  f o r  s p i n d l e .
20. F u rn a c e  t i e - r o d s .
21 . C ro s s b a r  of g i b b e t .
22 . V e r t i c a l  p i l l a r  o f  g i b b e t .
23 . A s b e s to s  p l a t f o r m .
24. Fram ework s u p p o r t in g  v i s c o m e te r .










l e v e l l i n g  sc rew s f o r  a s b e s t o s  p l a t f o r m .  
Tungsten-m olybdenum  th e rm o c o n p le .
Alundum s t o o l  s u p p o r t in g  c r u c i b l e .
F u rn a c e  l e a d s .
Clamp f o r  c o a r s e  a d ju s tm e n t  o f  s p in d le  h e i g h t .  
R ubber bung.
A s b e s to s  p a c k in g .
Aluminium p o i n t e r .
S c a le .








w hich  s u p p l i e d /  s t a b i l i t y  t o  t h e  r o t a t i o n  of t h e  a p p a r a t u s  
By v a r y i n g  t h e  p o s i t i o n  of t h e s e  w e i g h t s  on t h e  c r o s s  beam 
t h e  moment of  i n e r t i a  of the  r o t a t i n g  sys tem  c o u ld  he  
a l t e r e d ,  and hence  t h e  v i s c o s i t y  r a n g e  of  th e  a p p a r a t u s  
v a r i e d .  I t  was n o t  f o u n d  n e c e s s a r y ,  however ,  t o  make use  
o f  t h i s  v a r i a b l e .  With t h e  w e i g h t s  k e p t  a t  a  c o n s t a n t  
d i s t a n c e  a p a r t  o f  2*50 i n c h e s ,  t h e  a p p a r a t u s  was a c c u r a t e  
and  s e n s i t i v e ,  over  t h e  r a n g e  0*5 -  40 p o i s e .  This  was 
f o u n d  t o  be ample f o r  t h e  v i s c o s i t y  v a l u e s  e n c o u n te r e d .
An a d j u s t a b l e  a luminium p o i n t e r  was c l i p p e d  i n  a 
h o r i z o n t a l  p o s i t i o n , t o  t h e  v e r t i c a l  r o d  of  t h i s  p a r t  o f  
t h e  s p i n d l e .  When th e  s p i n d l e  was o s c i l l a t i n g ,  t h i s  
moved o v e r  a  c i r c u l a r  s c a l e  g r a d u a t e d  i n  d e g re e s  on a 
p o l i s h e d  s h e e t  o f  m e t a l ,  sc rew ed  t o  t h e  a s b e s t o s ' p l a t f o r m .
The u p p e r  p a r t  of t h e  s p i n d l e  was c o n n e c te d  t o  t h e  
l o w e r  r e f r a c t o r y  p a r t  by a d u ra lu m in  c o u p l i n g .
The c h o ic e  o f  r e f r a c t o r y  f o r  t h e  c r u c i b l e ,  and t h e  
lo w e r  p a r t  of  the  s p i n d l e  was v e ry  l i m i t e d ,  s i n c e  few 
m a t e r i a l s  a r e  a b le  to  w i t h s t a n d  b o t h  s l a g  c o r r o s i o n  and 
t h e  h i g h  t e m p e r a t u r e s  i n v o l v e d .  I t  was d e c id e d  t o  u se  
g r a p h i t e  i n  view o f  i t s  r e a d y  a v a i l a b i l i t y ,  and i t s  e a se  
o f  m ac h in in g  t o  a c c u r a t e  d im e n s io n s .  A d i s a d v a n t a g e  of 
g r a p h i t e  was t h a t  i t  c o u ld  n o t  be  u s e d  i n  an o x i d i s i n g  
a tm o s p h e r e .  The molybdenum f u r n a c e  w in d in g ,  how ever ,  a l s o  
r e q u i r e d  p r o t e c t i o n  from o x i d a t i o n ,  and  i t  was t h e r e f o r e  a
s im p le  m a t t e r  t o  a r r a n g e  t h e  a p p a r a t u s  so t h a t  t h e  same
t h e  same/  s t r e a m  o f  g a s e s  p r o t e c t e d  b o th  t h e  f u r n a c e  w in d in g
and t h e  g r a p h i t e  p a r t s  of th e  v i s c o m e t e r .
The p r o t e c t i n g  g a s e s  were p r e p a r e d  as  f o l l o w s ; -
l i q u i d  ammonia ( s g .  0 *88) was h e a t e d  i n  a f l a s k  ove r  a
b u n s e n  b u r n e r .  The ammonia g a s  th u s  o b t a i n e d  was c r a c k e d  to  
a  m ix t u r e  of n i t r o g e n  and hy d ro gen  by p a s s i n g  ove r  r e d  h o t  
s t e e l  t u r n i n g s .  Any r e s i d u a l  ammonia i n  t h e  c r a c k e d  gas  
was washed o u t  by  b u b b l in g  th r o u g h  w a t e r  and th e n  d i l u t e  
s u l p h u r i c  a c i d .  The g a s e s  were d r i e d  by c o n c e n t r a t e d  
s u l p h u r i c  a c i d ,  and c a l c iu m  c h l o r i d e ,  b e f o r e  p a s s i n g  i n t o  
t h e  f u r n a c e .  T h is  s e c t i o n  of t h e  a p p a r a t u s  i s  shown i n  
F i g .  4 .
The l o n g  g r a p h i t e  ro d  e x te n d in g  f rom  t h e  d u ra lu m in  
c o u p l i n g  down to  t h e  i n n e r  r o t a t i n g  c y l i n d e r ,  was, f o r  t h e  
sake  o f  economy, made up of two l e n g t h s  of  g r a p h i t e  r o d  
j o i n e d  by a g r a p h i t e  c o u p l i n g .  The lo w e r  p a r t  was a t  a 
t e m p e r a t u r e  o f  ove r  1400°C f o r  lo n g  p e r i o d s ,  and was s lo w ly  
b u r n e d  away by t r a c e s  o f  oxygen which u n a v o id a b ly  e n t e r e d  
t h e  a p p a r a t u s .  T h is  p a r t  h a d  c o n s e q u e n t l y  t o  be p e r i o d i c a l l y  
r e p l a c e d .  The w ear  on t h e  i n n e r  c y l i n d e r ,  w h ic h  o f  c o u r s e ,  
was c o m p l e t e ly  immersed i n  t h e  s l a g ,  was n e g l i g i b l e .  The 
o n ly  e f f e c t  o f  c o n s t a n t  u se  was t o  r e n d e r  t h e  g r a p h i t e  b r i t t l e  
The c r u c i b l e s  and i n n e r  r o t a t i n g  c y l i n d e r s  were machined  
t o  t h e  f o l l o w i n g  d im e n s io n s .
C r u c ib l e
I n t e r n a l  diam. 1*5 i n c h e s .
A -  F l a s k  o f  0*88 ammonia h e a t e d  hy Bunsen b u r n e r .
B -  M ercu ry  s a f e t y - v a l v e . -
C -  Trap t o  c a t c h  l i q u i d  d i s t i l l i n g  over  f rom A.
D -  F u rn a c e  c o n t a i n i n g  t u b e s  i n  which  s t e e l  
t u r n i n g s  a re  h e a t e d  t o  r e d  h e a t .
E -  S a f e t y  t r a p .
F -  W a s h - b o t t l e  c o n t a i n i n g  w a t e r .
G -  W a s h - b o t t l e  c o n t a i n i n g  d i l u t e  s u l p h u r i c  a c i d .
H -  W a s h - b o t t l e  c o n t a i n i n g  c o n c e n t r a t e d  s u l p h u r i c  a c i d .
I  and J  -  D ry ing  to w e rs  c o n t a i n i n g  c a lc iu m  c h l o r i d e  
K -  Rubber  t u b e  l e a d i n g  t o  f u r n a c e .

E x t e r n a l  diam. 1*9 i n c h e s .
I n t e r n a l  h e i g h t  5 11
E x t e r n a l  h e i g h t  5 #3 !!
I n n e r  C y l i n d e r .
D ia m e te r  0*5 i n c h e s ,  
l e n g t h  2 *0 "
Temper a t t i r e  M easu rem en t .
S l a g  t e m p e r a t u r e s  were d e te r m in e d  by  a  t u n g s t e n -  
molybdenum th e rm o c o u p le ,  u s i n g  a  T i n s l e y  v e r n i e r
df
p o t e n t i o m e t e r  t o  measure th e  e . m . f .  d e v e l o p e d . T h is  
co u p le  was u s e d  r a t h e r  t h a n  t h e  more u s u a l  p l a t i n u m  
- p l a t i n u m  rh o d ium ,  because  th e  r e d u c i n g  c o n d i t i o n s  
p r e v a i l i n g  i n  t h e  f u r n a c e  would have r a p i d l y  e n b r i t t l e d  
p l a t i n u m .
The tungsten-m olybdenum  c o u p le  can  n o t  he u s e d  i n  
an  o x i d i s i n g  a tm o s p h e re ,  and t h e  m e l t i n g  p o i n t s  of t h e  
u s u a l  s t a n d a r d i s i n g  m e ta l s  a r e  a f f e c t e d  by a r e d u c i n g  
a tm o s p h e r e .  I t  was t h e r e f o r e  n e c e s s a r y  t o  c a r r y  ou t  t h e  
c a l i b r a t i o n  of the  coup le  i n  v a c u s .
Over t h e  lo w e r  t e m p e r a t u r e  r a n g e  (15 -  1000°C) ,  t h e  
c o u p le  was c a l i b r a t e d  a g a i n s t  a  p r e v i o u s l y  s t a n d a r d i s e d  
chrome1 - a lu m e l  th e rm o c o u p le .  F o r  th e  h i g h e r  t e m p e r a t u r e  
r a n g e  (900 -1 6 0 0 °C) ,  t h e  b r i d g e  method o f  Adcock, was 
employed,  u s i n g  f i n e  w i r e s  of g o l d ,  s i l v e r  and p l a t i n u m ,  
as  s t  a n d a r d s .
The c a l i b r a t i o n  cu rve  i s  r e p r o d u c e d  i n  F i g .  5.
•Pol.
Fy ure 5
©wing to t h e  sensitivity of viscosity t o  snail 
terrerature variations t cer txxii. pre^suri'crs were iaheii to 
ensnare that carrect temper r^ures were reeoriel, Before 
the s i x e s  of the e r n i M e  and  i n n e r  s p in d le  1:~ 1 b e e n  
decided upon tlie furnace tube was explored with a 
thermocouple to find the temperature variation over its 
length. The dimensions of tlie crucible and inner cylinder 
were then fixed, so that the part of the crucible 
c ©lit aiming the slag and the c o u p le  point, were well within 
the zone of uniform, temperature.
The couple point during viscosity detenainatins was 
immediately under., the centre of the crucible base. The 
couple was placed here# rather than somewhere on the crucible 
w a l l ,  because owing t o  the rapid fall of the angular 
v e l o c i t y  of t h e  liquid fro.su the inner cylinder t o  t h e  
crucible wall, the effect of trie central, column of the
s
liquid predominate  ^ in the resultant decrement of t h e
cylinder1 s motion. It is therefore more accurate to 
measure the temperature at the centre of the e ru e  ible,
and t h u s  minimise the effect' of any possible t r a n s v e r s e  
gradient.
©wring to the large mass of slag used (200 gnu 19 it 
n a t u r a l l y  tool c o n s i d e r a b l e  time for the c r u c i b l e  and i t s  
c o n t e n t s  t o  acquire a uniform t e m p e r a t u r e . To e n s u r e  rhis
uniform state had been attained, the furnace .^ s held at 
the desired temperature for 2© sins.before readings were 
taSaeu.
Chapter 5 .
CALIBRATION OF APPARATUS .
The a p p a r a t u s  was s t a n d a r d i s e d  a g a i n s t  l i q u i d s  of  
known v i s c o s i t y .  Those u s e d  w e r e : -
C a s t o r  o i l  a t  15°C   15*14 p o i s e .
C a s t o r  o i l  a t  20°C ------  9*86 p o i s e .
V isc o u s  o i l  a t  20°C - - -  24*6 p o i s e .
The v i s c o s i t y  v a lu e s  f o r  c a s t o r  o i l  were t a k e n  from 
t h e  I n t e r n a t i o n a l  C r i t i c a l  T a b l e s .  The f i g u r e  f o r  t h e  
v i s c o u s  o i l  was o b t a i n e d  e x p e r i m e n t a l l y , u s i n g  an Ostwald  
v i s c o m e t e r ,  w h ich  had been  s t a n d a r d i s e d  a g a i n s t  c a s t o r  o i l .
I t  was fo u n d  c o n v e n ie n t  t o  pe r fo rm  t h e  s t a n d a r d i s a t i o n  
away f rom  t h e  f u r n a c e .  The a r rangem en t  u s e d  i n  i n d i c a t e d  
i n  F i g .  6 .
The c r u c i b l e  was f i l l e d  t o  the  s t a n d a r d  l e v e l  of 
3*0 i n c h e s  w i t h  t h e  s t a n d a r d i s i n g  l i q u i d .  The p o s i t i o n  of  
t h e  s p i n d l e  was t h e n  a d j u s t e d  so t h a t  i t  was c o - a x i a l  w i t h  
t h e  c r u c i b l e  and e x a c t l y  0 ’2 i n c h e s  above th e  bo t tom  of  t h e  
c r u c i b l e .  T h i s  l a t t e r  a d ju s tm e n t  was most c o n v e n i e n t l y  
a t t a i n e d  by l o w e r i n g  t h e  s p i n d l e  u n t i l  i t  j u s t  to u c h e d  t h e  
c r u c i b l e  b o t to m  and t h e n  r a i s i n g  i t  t h r o u g h  e x a c t l y  0*2 
i n c h e s  by means of t h e  f i n e  a d ju s tm e n t .
The t e m p e r a t u r e  of  th e  l i q u i d  i n  t h e  c r u c i b l e  was 
c o n t r o l l e d  b y  a d j u s t i n g  th e  t e m p e r a t u r e  o f  w a t e r  f lo w in g  
th r o u g h  t h e  h o l lo w  b r a s s  c o n t a i n e r ,  w i t h i n  w hich  t h e  c r u c i b l e
KEY TO FIGURE 6 .
1 .  V iscom ete r  S p i n d l e .
2 .  C r u c i b l e .
3 .  W ater  J a c k e t .
4 .  E l e c t r i c a l l y  d r i v e n  Pump.
T O  r e s e r v o i r
F i g u r e  6
t h e  c r u c i b l e /  r e s t e d .  This  w a te r  was c i r c u l a t e d  from a 
t h e r m o s t a t i c a l l y  c o n t r o l l e d  tank:, t h r o u g h  the  c o n t a i n e r ,  
and  "bach to  t h e  t a n k  by  means of a sm a l l  e l e c t r i c  pump.
The t e m p e r a t u r e  of th e  l i q u i d  i n  t h e  c r u c i b l e  was 
d e t e r m i n e d  b y  a mercury  therm ometer  g r a d u a t e d  i n  t e n t h s  
o f  a d e g r e e .
When t h e  t e m p e r a tu r e  had b e e n  c o r r e c t l y  a d j u s t e d ,  t h e  
s p i n d l e  was s e t  i n  r o t a t i o n  and th e  l o g a r i t h m i c  decrement 
o f  t h e  m o t io n  d e te r m in e d .  As i n d i c a t e d  i n  the  d i s c u s s i o n  
o f  t h e  t h e o r y  o f  th e  method, t h e  l o g a r t h i m i c  decrement i s  
t h e  n a t u r a l  l o g a r i t h m  of t h e  r a t i o  of s u c c e s s iv e  a m p l i tu d e s  
o f  t h e  s p i n d l e s  o s c i l l a t i o n s .  When th e  damping a c t i o n  of 
t h e  s l a g  i s  s l i g h t ,  i . e .  w h en . th e  s l a g  i s  f l u i d ,  i t  i s  more 
a c c u r a t e  t o  n o t e  th e  a m p l i tu d e  o f  th e  f i r s t  o s c i l l a t i o n  a T, 
and  o f  t h e  n t h  o s c i l l a t i o n  a  , t h e n  th e  l o g a r i t h m i c
1  /  ^  T /d e c rem e n t  i s  / n  l o g e / a n .
A number o f  decrem en t  v a l u e s  was o b t a i n e d  f o r  each  of 
t h e  t h r e e  s t a n d a r d i s i n g  l i q u i d s , a n d  t h e  a v e r a g e s  p l o t t e d  
a g a i n s t  t h e  c o r r e s p o n d i n g  v i s c o s i t y  v a l u e .  The c a l i b r a t i o n  
c u r v e s  o b t a i n e d  f o r  t h r e e  d i f f e r e n t  s u s p e n s io n  t a p e s  a r e  
r e p r o d u c e d  i n  F i g .  7 .  Hos. 2 and 3 were t a k e n  from t h e  
same s t e e l  s p r i n g ,  w h i l e  ETo. 1.  was t a k e n  from a b a t c h  of 
c o n s i d e r a b l y  h i g h e r  r e s t o r i n g  t o r q u e .
The v i s c o s i t y  -  t e m p e r a t u r e  r e l a t i o n s h i p s  of  a  number 
o f  l i m e - a l u m i n a - s i l i c a  s l a g s ,  l y i n g  w i t h i n  t h e  ran g e  p r e v i o u s l y








T h is  s u p p l i e s  a v a l u a b l e  check on th e  c a l i b r a t i o n .
The d e t a i l e d  r e s u l t s  of  a t y p i c a l  v i s c o s i t y  -  t e m p e ra tu re  
c u rv e  a r e  shown i n  T able  1.  The agreement w i t h i n  th e  
d i f f e r e n t  s e t s  o f  l o g a r i t h m i c  decrement v a lu e s  can  be 
t a k e n  a s  r e p r e s e n t a t i v e  of  t h a t  n o rm a l ly  o b t a in e d .  
C o m p o s i t io n  39 -5f CaO, 49*4$ SiOg, 11*1% AlgOg by w e ig h t .
Temp. L o g a r i t h m i c  Decrement. Aver Calb? V i s c o s i t y .
°C 1 2 3 4 5
age
Const. p o i s e .
1450 •27- •27 •265 •265 •265 •267 50 *6 13*5
1500 •18 • H CO *18 •175 •175 •178 50 *6 9*0
1550 •12 •12
I—1l—I • •11 •115 •115 50 *6 5*8
1600 •067 •060 •062 . *061 •065 *063 50 * 6 , 3*2
Table  1 .
The r e s u l t s  o b t a i n e d  f o r  t h i s  s e r i e s  of t e r n a r y  s l a g s ,  
a r e  compared  with, t h o s e  of  R a i t  e t .  a l ' .  i n  Table  2.
h o . C o m p o s i t io n -  w t .$>. V i s c o s i t y  i n  p o i s e  a t : -
------
CaO. sio2 a i 2o 3 1450°C 1500°C 1550°C 1600°C
1 39-5 4 9 ‘4 11 *1 1 3 -5 (1 2 ) 9 -0 (9 ) 5 -8 (6 ) 3 - 2 ( 3 )
2 4 2 - 1 46*8 11-1 1 1 -1 ( 1 0 ) 7 -1(7) 4 - 6 ( 4  -5) 2 -8 ( 2 )
3 44 -5 44 * 5 11 *1 9 - 0 ( 9 ) 5 -5 (6 ) 3 - 9 ( 3 - 5 ) 3 - 3 ( 2 - 5 )
4 46*5 42*4 11 • ! - ( 1 0 - 5 ) 5 "8 ( 5 -5 ) 4 - 2 ( 4 - 0 ) 3 - 3 ( 3 )
T ab le  2 .
The f i g u r e s  i n  p a r e n t h e s i s  a r e  e x t r a p o l a t e d  from R a i t Ts 
r e s u l t I n d  can  t h e r e f o r e  be g i v e n  on ly  t o  th e  n e a r e s t  0*5 
p o i s e .
The a g re em e n t  i s  s a t i s f a c t o r y ,  and i t  c a n  t h e r e f o r e  
he s t a t e d  t h a t  t h e  v i s c o s i t y  f i g u r e s  g i v e n  i n  t h i s  p a p e r  
a r e  s t r i c t l y  r e l a t i v e  t o  t h o s e  g i v e n  i n  p r e v i o u s  p a p e r s  
i s s u e d  f rom  t h i s  D e p a r tm en t .
I n  a l l ,  f i v e  s u s p e n s i o n s  were u s e d  t o  o b t a i n  t h e  
r e s u l t s  r e p o r t e d .  As i n d i c a t e d  ab ove ,  t h r e e  o f  t h e s e  
were  c a l i b r a t e d  a g a i n s t  l i q u i d s  o f  known v i s c o s i t y ,  and 
t h e n  c h eeked  a g a i n s t  l i m e - a l u m i n a - s i l i c a  s l a g s .  The 
r e m a in i n g  two were  c a l i b r a t e d  d i r e c t l y  a g a i n s t  s l a g  1 , 
of  T a b le  2.
C hap ter  6 .
EXPEKIMEDTA1 PROCEDURE.
A l l  s l a g s  were p r e p a r e d  s y n t h e t i c a l l y .  The c h e m ic a l s  
u s e d  were of  th e  g rad e  w h ich  i s  s o l d  c o m m e rc ia l ly  a s  " p u r e 11 
W ith  t h e  e x c e p t i o n  o f  t h e  l i m e ,  t h e  c o n s t i t u e n t s  were  
w e ig h ed  ou t  i n  t h e  ox ide  fo rm .  The l im e  was w eighed  ou t  
a s  c a l c iu m  c a r b o n a t e ,  and s e p a r a t e l y  i g n i t e d  t o  c a lc iu m  
o x id e  i n  a  g a s  m u f f l e .  The t h o r o u g h l y  mixed o x i d e s  were 
p a ck e d  i n t o  a c r u c i b l e  and m e l t e d  ou t  i n  t h e  f u r n a c e .  The 
r e s u l t a n t  s l a g  was h e l d  a t  1600°C, f o r  n o t  l e s s  t h a n  h a l f  
an  h o u r  b e f o r e  any  v i s c o s i t y  d e t e r m i n a t i o n s  were a t t e m p t e d .
The f i r s t  few m in u te s  o f  t h i s  p e r i o d  were u t i l i s e d  t o  
manoeuvre t h e  s p i n d l e  i n t o  i t s  s t a n d a r d  p o s i t i o n  i n  t h e  m e l t  
By means o f  t h e  c o a r s e  a d j u s t m e n t ,  t h e  s p i n d l e  was s lo w ly  
lo w e re d  th r o u g h  t h e  s l a g ,  t i l l  i t  j u s t  t o u c h e d  t h e  c r u c i b l e  
b o t to m .  T h is  p o i n t  was e a s i l y  d i s c e r n i b l e  by t h e  sudden  
s a g g in g  of t h e  s u s p e n s i o n  t a p e .  The f i n e  a d j u s t m e n t  was 
t h e n  u s e d  to  r a i s e  t h e  s p i n d l e  t i l l  i t  was e x a c t l y  0*2 
i n c h e s  c l e a r  of the  c r u c i b l e .  I f  n e c e s s a r y  a d j u s t m e n t s  
were  t h e n  made to  b r i n g  i t  e x a c t l y  i n t o  t h e  c e n t r e  o f  t h e  
c r u c i b l e .
The s p i n d l e  was now sw in g in g  f r e e l y  w i t h  t h e  i n n e r  
c y l i n d e r  c o m p l e t e ly  immersed i n  the- s l a g .  I t  was a l l o w e d  
t o  come t o  r e s t  and t h e  z e r o  r e a d i n g  o f  t h e  p o i n t e r  n o t e d .
To t a k e  r e a d i n g s ,  t h e  s p i n d l e  was s e t  i n  m o t io n ,  c a r e
c a r e /  "being t a k e n  t o  e n su re  t h a t  a l l  t h e  m o t io n  was a b o u t  
t h e  a x i s  o f  t h e  s p i n d l e .  C o n s e c u t iv e  r e a d i n g s  were t h e n  
t a k e n  of  t h e  extreme p o s i t i o n s  o f  e a c h  swing o f  t h e  p o i n t e r  
on one s i d e  of th e  z e r o .  From t h e s e  r e a d i n g s  t h e  l o g a r i t h m i c  
d ec rem en t  o f  t h e  m o t io n  was c a l c u l a t e d  a s  d e s c r i b e d  
p r e v i o u s l y .  The p r o c e d u r e  was r e p e a t e d  u n t i l  s e v e r a l  r e s u l t s  
i n  c l o s e  ag re em e n t  had  b e e n  o b t a i n e d .
R e a d in g s  were s u b s e q u e n t l y  t a k e n  a t  1550 °C, 1 5 0 0°C, etc. 
u n t i l  t h e  s l a g  s o l i d i f i e d .  The s l a g  was h e l d  f o r  20 m in u te s  
a t  e ac h  t e m p e r a t u r e  b e f o r e  a  r e a d i n g  was t a k e n .
A f t e r  a s a t i s f a c t o r y  v i c o s i t y  -  t e m p e r a t u r e  cu rv e  
had  b e e n  o b t a i n e d ,  t h e  c o m p o s i t i o n  of  t h e  s l a g  i n  t h e  
c r u c i b l e  was a l t e r e d  by making a d d i t i o n s  o f  known w e i g h t s  
o f  m a g n e s ia ,  t i t a n i a  o r  a lu m in a .  T h is  was t h o r o u g h l y  mixed 
i n t o  t h e  s l a g  by  u s i n g  t h e  s p i n d l e  a s  a  s t i r r e r ,  and t h e  
v i s c o s i t y  -  t e m p e r a t u r e  c u rv e  c o r r e s p o n d i n g  t o  t h e  new 
c o m p o s i t i o n  d e te r m in e d  e x a c t l y  a s  b e f o r e .
The e r r o r  i n t r o d u c e d  by  t h i s  method was n o t  g r e a t ,  
owing to  t h e  f a c t  t h a t  t h e  i n i t i a l  c h a r g e  o f  200 gm. when 
m e l t e d  ou t  was a lways of  s u f f i c i e n t  volume t o  c o m p l e t e l y  
immerse t h e  i n n e r  c y l i n d e r .  Thus t h e  e f f e c t  o f  t h e  a d d i t i o n  
was m e r e ly  t o  s l i g h t l y  i n c r e a s e  t h e  l e n g t h  o f  t h e  c o m p a r a t i v e l y  
n a r r o w  s p i n d l e  stem immersed i n  the  s l a g .
I n  no c a se  d id  th e  t o t a l  a d d i t i o n  made t o  a  s i n g l e
r
c h a r g e  e x ce ed  10 gm. When t h i s  f i g u r e  had  b e e n  ^ e a f c h e d ,
3 4 .
r
"been ^eap fch ed / , t h e  c r u c i b l e  and i t s  c o n t e n t s  vfere 
d i s c a r d e d  and th e  s e r i e s  c o n t i n u e d  "by making up a  f r e s h  
c h a rg e  of  200 gms. of t h e  new c o m p o s i t i o n .
C h a p te r  7 . 
DISCUSSION OF RESULTS.
(1 )  L im e - A lu m i n a - S i l i c a  S l a g s .
S ix  s l a g s  f rom t h e  l i m e - a l u m i n a - s i l i c a  t e r n a r y  sy s tem  
were examined. These a l l  c o n t a i n e d  11*1$ a lu m in a ,  w h i l e  t h e  
l im e  c o n t e n t  v a r i e d  f ro m  39*5 -  50"3$ .  The c h e m ic a l  
c o m p o s i t i o n s  a r e  g iv e n  i n  Table  3, t o g e t h e r  w i t h  t h e  
v i s c o s i t y  c o e f f i c i e n t s  f o r  1450 ,  1500,  1550 and 1600°C.
No. Cap.
3 i0 2
C o m po s i t io n  -  wt.% V i s c o s i t y  i n  p o i s e  a t : -
CaO S i °2 AlgOg L45o°C 1500°C 1550°C 1600°C
1 . 0 *8 39 *5 49*4 11*1 13*5 9*0 5*8 3*2
2 . 0*9 42*1 CO<£> 11*1 11*1 6*4 5*1 4*0
3. 1*0 44*5 44 *5 11*1 9 *0 5*5 3*9 3*3
4 . 1*1 46*5 42*4 11*1 - 5*8 4*2 3*3
5. 1*2 48*6 40*3 11*1 - 7 *0 5 *0 4*1
6 . 1*3 50*3 38*6 11*1 - 6*6 5*0 4*8
T a b le  3.
The above f i g u r e s  a r e  p l o t t e d  a s  i s o t h e r m a l  c u r v e s  
of  v i s c o s i t y  a g a i n s t  c o m p o s i t i o n  i n  F i g .  8 .
The phase  c o n s t i t u t i o n  o f  t h e s e  s l a g s  i n  t h e  s o l i d  
s t a t e  c a n  be o b t a i n e d  f ro m  F i g .  9,  w hich  shows p a r t  o f  t h e  
l i m e - a l u m i n a - s i l i c a  phase  d iag ra m .  The r a n g e  c o v e r e d  by  
t h e  s i x  s l a g s  i s  i n d i c a t e d  by a d o t t e d  l i n e .  The s e r i e s  
s t a r t s  v e r y  n e a r  t h e  c a lc iu m  m e t a s i l i c a t e - a n o r t h i t e  b i n a r y ,
c r o s s e s  t h e  c a l c iu m  m e t a s i l i c a t e  -  g e h l e n i t e  b i n a r y  a t
i i - t / m
/450T>
1 5 0 0 %
1 5 5 0 %
/600t
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"binary a t /  a p p r o x i m a t e l y  46% l i m e ,  and. f i n i s h e s  h a l fw a y  
a c r o s s  t h e  c a l c iu m  m e t a s i l i c a t e  -  g e h l e n i t e  -  c a l c iu m  
s e s q u i s i l i c a t e  t e r n a r y .  The p o s i t i o n  o f  t h e  calciuip. 
m e t a s i l i c a t e - g e h l e n i t e  l i n e  i s  i n d i c a t e d  on th e  i s o t h e r m a l  
v i s c o s i t y  c u r v e s  "by an a r ro w .  ( F i g .  8 ) .
The c o m p o s i t i o n  of  t h e  p o i n t  of i n t e r s e c t i o n  w i t h  t h e  
"binary l i n e ,  and th e  c o m p o s i t i o n  o f  t h e  minimum p o i n t  shown 
"by a l l  f o u r  o f  t h e  i s o t h e r m a l  v i s c o s i t y  c u r v e s  d i f f e r  "by 
o n ly  0*5% l i m e .  R a i t , Hay and McM il lan ,  have  shown t h a t  a 
s i m i l a r  c o i n c i d e n c e  o f  the  v i s c o s i t y  minimum w i t h  t h e  
g e h l e n i t e - c a l c i u m  m e t a s i l i c a t e  "binary p e r s i s t s  up t o  a t  
l e a s t  15% a lu m i n a .
(E) L im e - A lu m i n a - S i l i c a - M a g n e s ia  S l a g s .
E ig h t  s l a g s  o f  th e  q u a t e r n a r y  sy s te m  1 im e - a lu m in a -  
s i l i c a - m a g n e s i a  were examined.  These a l l  c o n t a i n e d  10*5% 
a lu m i n a ,  and  5*3% m a g n e s ia .  The c h e m ic a l  c o m p o s i t i o n s  a r e  
g i v e n  i n  T a b le  4 ,  t o g e t h e r  w i t h  t h e  v i s c o s i t y  c o e f f i c i e n t s  
f o r  1450 ,  1500,  1550 and 1600°C.
ho
“SiOg
C o m p o s i t ion  -  w t ,°jo V i s c o s i t y  i n  p o i s e  a*J  m ~
GaO AlgOg S lO g MgO 145 0°C 1500°C 1 55 0 °C 1600°C
1 . 0 *8 37 *5 10 * 5 46*7 5*3 11*1 7 *2 4*7 2*5
2 . 0 *9 39*9 1 0 '5 44 *3 5*3 6*5 4 *9 3*6 3*1
3. 1*0 42*1 10 *5 42*1 5*3 6*0 4 *0 2*8 2*4
4 . 1 -1 44 *0 10*5 40 *2 5*3 5 *0 3*3 1-7 1*2
5. 1*2 46 *0 10*5 38*2 5*3 5*5 3*5 1*6 0 *4
6 . 1*3 47 *6 10*5 36*6 5*3 8*5 4*5 2*0 0*8
7. 1*4 49*1 10*5 35*1 5*3 21*5 5*9 3*5 1*8
8 . 1*5 50 *5 10*5 33*7 5*3 45*0 7 *5 4*5 3*0
T able  4 .
The above r e s u l t s  a r e  p l o t t e d  a s  i s o t h e r m a l  c u r v e s  of  
v i s c o s i t y  a g a i n s t  c o m p o s i t i o n  i n  F i g .  10 .
These e i g h t  s l a g s  a r e  d i s t r i b u t e d  o ve r  f o u r  d i f f e r e n t
q u a t e r n a r y  p h a se  volumes.  T h is  i s  i l l u s t r a t e d  i n  F i g .  12 ,
w h ic h  shows t h e  r e q u i s i t e  s e c t i o n  th r o u g h  M e C a f f e r y T 
v e r s i o n  o f  t h e  l i m e - a l u m i n a - s i l i c a - m a g n e s i a  p h a se  model .
The p o s i t i o n  o f  th e  s l a g  s e r i e s  examined i s  i n d i c a t e d  by 
t h e  d o t t e d  l i n e .  The p o s i t i o n s  of  t h e  f i v e  t e r n a r y  p l a n e s
w h ich  c o n s t i t u t e  t h e  b o u n d a r i e s  of t h e  f o u r  q u a t e r n a r i e s
c r o s s e d ,  a r e  i n d i c a t e d  on t h e  v i s c o s i t y  c u r v e s  ( F i g .  1 0 ) ,  
by  a r ro w s  l e t t e r e d  a ,  b ,  c and  d.
The p l a n e s  a k e r m a n i t e - c a l c i u m - s e s q u i s i l i c a t e - g e h l e n i t e  
and a k e r m a n i t e - c a l c i u m  o r t h o s i l i c a t e - g e h l e n i t e  have  no 
c o r r e s p o n d i n g  b r e a k s  i n  t h e  v i s c o s i t y  c u r v e s  w h ic h  would
Al Qj n i oO
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rS e c t i o n  a t  5*5$ MgO 
P h a se  Volum es .
1 .  A k e r m a n i t e - A n o r t h i t e - C a l c i u m  m e t a s i l i c a t e - G e h l e n i t e .
2 .  A k e rm a n i te -C a lc iu m  s e s q u i s i l i c a t e - C a l c i u m  m e t a s i l i c a t e -
C e h l e n i t e ,
3 .  A k e rm a n i te -C a lc iu m  s e s q u i s i l i c a t e - C a l c i u m  o r t h o s i l i c a t e -
C e h l e n i t e  .
4 .  A k e r m a n i t e - M o n t i c e l l i t e - C a l c i u m  o r t h o s i l i c a t e - C e h l e n i t e .
5 .  M a g n e s i a - M o n t i c e l l i t e - C a l c i u m  o r t h o s i l i c a t e - C e h l e n i t e .
F i g u r e  12 .
w h ich  w o u ld /  s u g g e s t  t h a t  t h e  phase  changes  i n v o l v e d  i n  
c r o s s i n g  t h e s e  p l a n e s  c a u se  any i r r e g u l a r  e f f e c t  on t h e  
v i s c o s i t y .  Of a  and e i s .  t h e  t e r n a r y  p l a n e s ,  a k e r m a n i t e -  
a n o r t h i t e - c a l c i u m  m e t a s i l i c a t e  and  m o n t ie -el l i t -e -  
m o n t i c e l l i t e - c a l c i u m  o r t h o s i l i c a t e - g e h l e n i t e , no 
d e f i n i t e  s t a t e m e n t s  can he made. They a r e  too  n e a r  t h e  
f r i n g e s  of  t h e  r a n g e  exam ined .
The r e m a in i n g  p h a se  b o u n d a ry  b ,  t h e  t e r n a r y  
a k e r m a n i t e  -  g e h l e n i t e - c a l c i u m  m e t a s i l i P a t e  i s  c l e a r l y  
r e f e l c t e d  i n  t h e  v i s c o s i t y  c u r v e s  by  a minimum. The 
p hase  bo u nd a ry  o c c u r s  a t  43*6$ l im e  w h i l e  t h e  minimum 
o c c u r s  a t  44*0$ l im e  i n  t h e  1450°C c u r v e . .  As t h e  
t e m p e r a t u r e  r i s e s  t h e  minimum moves to w a rd s  a  h i g h e r  
l im e  c o n t e n t ;  t h u s  a t  1600 °C t h e  minimum o c c u r s  a t  46$ 
l i m e .  I t  i s  s u g g e s t e d  t h a t  t h i s  s h i f t  i s  due t o  t h e  
e f f e c t  o f  t e m p e r a t u r e  i n c r e a s i n g  t h e  d e g re e  o f  
d i s s o c i a t i o n  of  t h e  t e r n a r y  c o n s t i t u e n t s .
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  t e r n a r y  w h ich  
c o r r e s p o n d s  t o  t h e  minimum, namely t h e  a k e r m a n i t e -  
g e h l e n i t e - c a l c i u m  m e t a s i l i c a t e  sy s te m ,  i n c l u d e s  t h e  
b i n a r y  c a l c iu m  m e t a s i l i c a t e - g e h l e n i t e  w hich  i t  was 
s u g g e s t e d  c au se d  t h e  minimum i n  t h e  i s o t h e r m a l  c u r v e s
o f  th e  t e r n a r y  s l a g s  exam ined .  I t  w i l l  a l s o  be  r e c a l l e d
(27)  (26)
t h a t  R a i t ,  McMillan  and Hay and H e r ty  have  b o t h  f o u n d
a  minimum i n  th e  l i m e - s i l i c a  v i s c o s i t y  i s o t h e r m a l s  
c o r r e s p o n d i n g  t o  t h e  compound c a l c iu m  m e t a s i l i c a t e .
The n e x t  s e c t i o n  i n c l u d e s  f u r t h e r  e v id e n c e  o f  t h e  
e x i s t e n c e  of  c a lc iu m  m e t a s i l i c a t e ,  a k e r m a n i t e  and  
g e h l e n i t e  i n  t h e  l i q u i d  s t a t e .  There i s  t h e r e f o r e  
c o n s i d e r a b l e  r e a s o n  to  b e l i e v e  t h a t  t h e s e  m i n e r a l s  
a r e  n o t  w h o l ly  d i s s o c i a t e d  i n  t h e  l i q u i d  s t a t e ,  and 
t h a t  c o n s e q u e n t l y  t h e  p h y s i c a l  p r o p e r t i e s  of l i q u i d
s l a g s  a r e  a f u n c t i o n  of t h e i r  m i n e r a l  c o n s t i t u t i o n .
(31)
I n  F i g .  11.  M c C a f fe ry Ts r e s u l t s  f o r  th e  same m e l t s  
a r e  i l l u s t r a t e d .  There  i s  v e r y  l i t t l e  ag reem en t  
b e tw ee n  th e  two s e t s  of r e s u l t s .  I n  v ie w ,  however ,  
o f  t h e  s e r i o u s  f a u l t  e x i s t i n g  i n  M e C a f f e r y Ts a p p a r a t u s ,  
( s e e  C h a p t .2 )  t h i s  i s  n o t  s u r p r i s i n g .  I t  i s  w o r t h  
n o t i n g ,  however ,  t h a t  t h e  minimum i n  M c C a f fe ry Ts 
i s o t h e r m a l  c u rv e  f o r  1400°C, c l o s e l y  c o r r e s p o n d s  t o  t h e  
a k e r m a n i t e - c a l c i u m  m e t a s i l i c a t e - g e h l e n i t e  t e r n a r y  p l a n e ,  
and t h a t  i n  t h e  1500 and 1600°C c u r v e s  t h e  minimum h a s  
s h i f t e d  to w a rd s  a c o m p o s i t i o n  of  h i g h e r  l im e  c o n t e n t .
The e f f e c t  of  th e  a d d i t i o n  o f  5*3$ m ag n e s ia  on 
t h e  v i s c o s i t y  o f  t h e s e  s i x  l i m e - a l u m i n a - s i l i c a  s l a g s ,  
be tw een  1450 and 1600°C i s  i l l u s t r a t e d  i n  F i g s  13 -  15 .  
I n  e v e ry  c a s e  the  m agnes ia  r e d u c e d  t h e  v i s c o s i t y ,  t h e  
e f f e c t  b e in g  g r e a t e s t  w i t h  t h e  s l a g s  of h i g h e r  l im e
( 3 1 )
c o n t e n t .  T h is  i s  i n  g e n e r a l  ag re em e n t  w i t h  M eC affe ry ,  
who found  t h a t  m agnes ia  c o n s i s t e n t l y  d e c r e a s e d  t h e  
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F i g u r e D
This  e f f e c t  of m agnes ia  would, s u g g e s t  t h a t  d o lo m i t e  
a d d i t i o n s  w ou ld  have b e n e f i c i a l  r e s u l t s  on th e  r u n n i n g  
o f  a  b l a s t  f u r n a c e .
( 3 )  l i m e - A l u m i n a - S i l i c a - M a g n e s i a - T i t a n i a  S l a g s .
An a d d i t i o n  of  5% t i t a n i a  was made t o  e a c h  o f  t h e
e i g h t  q u a t e r n a r y  s l a g s  d e s c r i b e d  ah ove .  The c o m p o s i t i o n s
of t h e  r e s u l t a n t  q u i n t e r n a r y  s l a g s  a r e  g i v e n  i n  T a b le  5 ,
t o g e t h e r  w i t h  t h e  v i s c o s i t y  c o e f f i c i e n t  f o r  50 d e g re e
i n t e r v a l s  f rom  1300 -  1600°C.
These  f i g u r e s  a r e  p l o t t e d  a s  i s o t h e r m a l  c u r v e s  o f
v i s c o s i t y  a g a i n s t  c o m p o s i t i o n  i n  F i g .  SO. The s i g n i f i c a n c e
o f  t h e s e  c u r v e s  w i t h  r e s p e c t  to  c o n s t i t u e n t  c o n s t i t u t i o n
w i l l  be c o n s i d e r e d  i n  th e  n e x t  s e c t i o n .
F i s c o s i t y - t e m p e r a t u r e  c u r v e s  o f  l i m e - a l u m i n a - s i l i c a ,
l i m e - a l u m i n a - s i l i c a - m a g n e s i a ,  and  l i m e - a l u m i n a - s i l i c a -
m a g n e s i a - t i t a n i a  a r e  compared i n  F i g s .  16 t o  19 .  The
t e r n a r y ,  q u a t e r n a r y ,  and q u i n t e m a r y  c u r v e s  compared i n
CaQ,
e ach  d ia g r a m ,  a r e  t h o s e  o f  s l a g s  of t h e  same SiOg and 
CaO/
SiOg + AlgOg r a t i o .
The t i t a n i a  a d d i t i o n  i n c r e a s e d  t h e  v i s c o s i t y  o f  t h e  
CaO/
q u a t e r n a r y  s l a g s  o f  S-iOg 0*8 -  1*1 o v e r  t h e  t e m p e r a t u r e
CaO/
r a n g e  examined.  I n  t h e  c a se  o f  t h e  s l a g  o f  r a t i o
0 *8 , t h e  v i s c o s i t y  was i n c r e a s e d  t o  such  a n  e x t e n t  t h a t
t h e  v i s c ' o s i t y - t e m p e r a t u r e  c u rv e  l i e s  w h o l l y  above t h a t
CaO,
o f  t h e  p a r e n t  t e r n a r y  s l a g .  With t h e  s l a g s  o f  SiOg 
r a t i o  0*9 -  1*1,  t h e  t i t a n i a  o n ly  p a r t i a l l y  c o u n t e r a c t e d
KEY TO FIGS. 1 6 - 1 9 .
l im e  -Alumina-S i l i e a .
Lime-Alumina-S i l i e a - M a g n e s i a .
l im e  -Alumina-S i l i c a - M a g n e  s i a - T  i t a n i a .
CaOCaOC a Ofa . O 
SfCL SiO+ALQ, 5 c 05
0 80 0-65
h j u r e  I (j
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c o u n t e r a c t e d /  t h e  e f f e c t  t h e  m agnes ia  had  on t h e  v i s c o s i t y  
o f  t h e  t e r n a r y  s l a g .
CaO/
F o r  th e  s l a g s  o f  h i g h e r  b a s i c i t y ,  I *2 “ 1*5,
t h e  t i t a n i a  a d d i t i o n  had  t h e  e f f e c t  o f  i n c r e a s i n g  th e  
v i s c o s i t y  o f  th e  q u a t e r n a r y  s l a g  a t  t e m p e r a t u r e s  above 
1500°C; b u t  d e c r e a s e d ! t  be low t h i s  t e m p e r a t u r e .  T h is  
e f f e c t  i s  p r o b a b l y  due t o  th e  t i t a n i a  l o w e r i n g  th e  
f u s i o n  p o i n t  of th e  s l a g .
CaO/
The q u i n t e r n a r y  s l a g s  o f  SiOg 1*2 -  1*5 a r e
c o n s i d e r a b l y  more f l u i d  t h a n  t h e  c o r r e s p o n d i n g  t e r n a r y
s l a g s ,  o ve r  t h e  r a n g e  1450 -  1600°C. The t e r n a r y  s l a g s  
CaO/
o f  r a t i o  1*4 and  1*5 c o r r e s p o n d i n g  t o  t h e
q u a t e r n a r y  and q u i n t e r n a r y  s l a g s  o f  F i g .  19 a r e  be low 
t h e  l i q u i d u s  t e m p e r a t u r e  ove r  t h e  t e m p e r a t u r e  r a n g e  
employed.
The e f f e c t  o f  t i t a n i a  i s  t o  i n c r e a s e  t h e  v i s c o s i t y  
o f  t h e  q u a t e r n a r y  s l a g s ,  and t h u s  o f f s e t  t h e  e f f e c t  t h e  
m agn es ia  had  on th e  t e r n a r y  s l a g s .  T h is  e f f e c t  i s  
g r e a t e s t  i n  t h e  l e s s  b a s i c  s l a g s .  T i t a n i a  a l s o  has  
t h e  e f f e c t  o f  l o w e r i n g  t h e  f u s i o n  p o i n t  and  a s  a  r e s u l t  
some o f  th e  q u i n t e r n a r y  s l a g s  a r e  q u i t e  f l u i d  a t  
t e m p e r a t u r e s  a t  w h ich  t h e  q u a t e r n a r y  and t e r n a r y  s l a g s  a r e  
v i s c o u s  o r  even s o l i d .
(4 )  The e f f e c t  o f  varying-  t h e  a lu m in a  c o n t e n t  o f  l im e  -
a ■^anl^ a ‘- s i i ^ c a ‘~iaagn e s -^a,~^^^a n ^a s l a g s .
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t i t a n i a /  s l a g s  have  b e en  exam ined .  The c o m p o s i t i o n s
of  t h e s e  t o g e t h e r  w i t h  t h e i r  v i s c o s i t y  c o e f f i c i e n t  a t
50 d e g re e  i n t e r v a l s  a r e  g i v e n  i n  T ab le  6 . These r e s u l t s
have been  p l o t t e d  i n  t h e  fo rm  o f  i s o t h e r m a l  c u r v e s  of
v i s c o s i t y  a g a i n s t  c o m p o s i t i o n  i n  F i g s .  20 -  26.  C l e a r l y
no g e n e r a l  s t a t e m e n t s  can be  made r e g a r d i n g  t h e  e f f e c t
Ca07
on t h e  v i s c o s i t y  of v a r y i n g  th e  SiOg r a t i o .  I n  some 
c a s e s  an  i n c r e a s e  o f  l im e  i n c r e a s e s ,  and i n  o t h e r s  
d e c r e a s e s  t h e  v i s c o s i t y .
I n  F i g s .  27 - 3 0 ,  t h e  r e s u l t s  a r e  p l o t t e d  i n  t h e  
form of  i s o v i s  c u rv e s  on t r i a n g u l a r  a x e s  o f  l i m e ,  a lu m in a  
and s i l i c a .  These f i g u r e s  c an  be r e g a r d e d  a s  " do u b le  
s e c t i o n s "  t h r o u g h  t h e  q u i n t e r n a r y  i s o v i s  p l o t  a t  5% 
m agnes ia  and 5$ t i t a n i a .  These d iag ram s  e n t a i l  a  s l i g h t  
a p p r o x i m a t i o n  s i n c e  b o t h  t h e  m ag n es ia  and t i t a n i a  c o n t e n t s  
o f  some o f  t h e  s l a g s  f a l l  a s  low a s  4*1$ .  However, i t  was 
t h o u g h t  w o r t h  w h i l e  i n c l u d i n g  t h e s e  d iag ram s  i n  v iew  of  
t h e i r  c l e a r e r  p i c t o r i a l  r e p r e s e n t a t i o n  of  t h e  e f f e c t  on 
t h e  v i s c o s i t y  o f  v a r y i n g  t h e  l i m e ,  a lu m in a ,  o r  s i l i c a  
c o n t e n t .
A p o i n t  b ro u g h t  out  by  t h e s e  d ia g ra m s  i s  t h e
p e r s i s t e n t  e f f e c t  o f  a lum in a  t o  i n c r e a s e  v i s c o s i t y .
These a r e ,  however ,  e x c e p t i o n s  t o  t h i s ,  f o r  example  a 
CaO/
s l a g  of SiOg 0*9;  AlgOg 15$;  MgO 4*7% and TiOg 4*7%, 
h a s  a  v i s c o s i t y  o f  7 p o i s e  a t  1600°C; b u t  i f  t h e  AlgOg
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t h e  AlgOg/ "be i n c r e a s e d  t o  £0^ t h e  v i s c o s i t y  f a l l  t o  
6 p o i s e .  (See  s l a g s  10 and 1£ of T a b le  6 ) .
I t  is c l e a r  f rom the v i s c o s i t y - t e m p e r a t u r e  c u rv e s  
considered above that none of the l i m e - a l u m i n a - s i l i c a -  
m a g n e s i a - t i t a h i a  s l a g s  a r e  s u f f i c i e n t l y  v i s c o u s  at 
w ork ing  t e m p e r a t u r e s  t o  c au se  d i f f i c u l t y  i n  t h e  running; 
of  a  H a s t  f u r n a c e .  In d e e d ,  owing to t h e  t i t s n i a  
lo w e r i n g  th e  f u s i o n  p o i n t ,  t h e  r e s u l t s  would  s u g g e s t  
t h a t  a  f u r n a c e  s m e l t i n g  t i t a n i f e r o u s  ores might he 
s u c c e s s f u l l y  o p e r a t e d  a t  low er  t e m p e r a t u r e s  than those 
n o r m a l ly  employed.  The e x p l a n a t i o n  of difficulties 
e x p e r i e n c e d  i n  h a n d l in g  slags c o n t a i n i n g  no more than 
5fc t i t a n i a ,  must  t h e r e f o r e  h e  so u g h t  e l s e w h e r e ,  since 
t h e y  a p p a r e n t l y  depend on t h e  f u l f i l m e n t  of certain 
c o n d i t i o n s  which have  n o t  b e e n  r e a l i s e d  i n  the present 
s e r i e s  of  e x p e r i m e n t s .
The l i m e - a l u m i n a - s i l i e a - m a g i i e s i a - t i t a n i a  phase 
d iag ram  h a s  n o t  h e e n  worked out. It was therefore 
i m p o s s i b l e  t o  i n t e r p r e t  t h e  minima in the isothermal 
c u rv e s  ( F i g s .  £0 -  £6 ) d i r e c t l y  in the manner adopted 
f o r  t h e  q u a t e r n a r y  and t e r n a r y  slags. It was therefore 
d e c i d e d  t o  assume t h a t  t h e  minima did correspond to
con s t ' f  ueob
p h a s e c h an ges  and  a t t e m p t  t o  deduce the constituents 
of  th e  q u a t e r n a r y  sys tem s corresponding to the miuiu: '  .
The c o m p o s i t i o n s  of  th e  minima (which a r e  given in
T ab le  7 ) ,  were  p l o t t e d  on a quint ernary s e c t i o n  in F i r .

i n  F i g .  3 1 . /  C l e a r l y  t h e y  f a l l  i n t o  two m ain  g r o u p s ,  
one of  s e v e n  p o i n t s ,  and  t h e  o t h e r  of f o u r  p o i n t s ,  e ach  
g roup  fo rm in g  a  s t r a i g h t  l i n e .  The two l i n e s  i n t e r s e c t  
on the  l i n e  r e p r e s e n t i n g  t h e  doub le  s e c t i o n ,  t h r o u g h  t h e  
l i m e - m a g n e s i a - s i l i c a - t i t a n i a  q u a t e r n a r y .  Two of  t h e  
p o i n t s  (1  an d  m) a re  n o t  i n c l u d e d  by  e i t h e r  o f  t h e s e  
s t r a i g h t  l i n e s .
The p rob lem  t h e r e f o r e  r e s o l v e d  i t s e l f  i n t o  f i t t i n g  
a  q u a t e r n a r y  sy s tem  o f  c o n s t i t u e n t s  t o  e a c h  of  t h e s e  two 
l i n e s .  I f  t h e  a s s u m p t io n  i s  made t h a t  t h e r e  i s  no 
i n t e r m e d i a t e  c o n s t i t u e n t  c h an g e ,  t h e n  t h r e e  o f  t h e  
c o n s t i t u e n t s  sh o u ld  be  common t o  e ac h  q u a t e r n a r y .
h o .
ComposBit i o n  -  wt io J o m p o s i t i o n  -  molee . %
A1 pO <t; MgO TiOp CaO BiO's 412 O3 MgO TiOg CaO §102
a 10 *0 5*0 5*0 37 *9 42*1 5*9 7*5 3*75 40 *7 42*1
b 12*5 4*9 4 *9 36 *8 40*9 7 *5 7 *4 3*7 40*0 41*5
c 15 *0 4*7 4*7 35*8 39*8 9*05 7 *2 3*6 39*3 40 *8
d 17 *5 4*6 4*6 34 *7 38*6 10*75 7 *1 3*6 38*7 40 *2
e 20*0 4*45 4*45 33*7 37*4 12*3 6*9 3*4 38*0 39*4
f 22*5 4 *3 4*3 32*7 36*3 14*0 6*8 3*3 37*2 38*6
€ 25*0 4*1 4*1 31*6 35*1 15 *85 6*55 3*3 36 *4 37*9
h 10*0 5*0 5*0 43*5 36*5 5*9 7*5 3*7 46 *5 36*5
i 12*5 4*9 4*9 45*3 32 *4 7*5 7*4 3*7 18 *9 32*6
3 15 *0 4*7 4*7 45 *4 30*2 9 *0 7*1 3*6 49*6 30 *8
k 17 *5 4*5 4*5 44*1 29*3 10*6 7*05 3*55 48*6 30*2
1 22*5 4*3 4*3 38*9 30*0 14*0 6*75 3 *3 44 *1. 31*8
m 25 *0 4*1 4*1 37*0 29*7 15*75 6*55 3*2
j
32*5 31*8
Of a l a r g e  number of  sy s tem s  which were t r i e d ,  t h e  one 
which most n e a r l y  f i t t e d  t h e  p o i n t s ,  was t h e  q u i n t e r n a r y  
c a lc iu m  m e t a s i l i c a t e - a n o r t h i t e - g e h l e n i t e - a k e r m a n i t e - 2 C a O . TiOg. 
The q u a t e r n a r y  c a lc iu m  r n e t a s i l i c a t e - a n o r t h i t e - a k e r m a n i t  e-2CaQ. 
TiO^ of  t h i s  sys tem  i n c l u d e d  t h e  p o i n t s  a , b , c , d  and e, o f  
Tab le  6 , w h i l e  th e  q u a t e r n a r y  c a l c iu m  m e t a s i l i c a t e - g e h l e n i t e -  
ake rm an i te -2 C aG .T iO g ,  i n c l u d e d  t h e  p o i n t s  h , i , j  and k .  To 
i n c l u d e  t h e  p o i n t s  f  and g, i t  was n e c e s s a r y  t o  i n t r o d u c e  
what would be t h e  l o g i c a l l y  a d j a c e n t  q u i n t e r n a r y ,  namely,
a k e r m a n i t e - a n o r t h i t e - g e h l e n i t e - m o n t i c e l l . i t  e -2C a0 .T i02*  The
p o i n t s  f  and g,  t h e n  a p p ro x im a te d  t o  t h e  a n o r t h i t e - a k e r m a n i t e -  
2CaO. T i O g - m o n t i c e l l i t e  q u a t e r n a r y .  I t  was fo u nd  i m p o s s i b l e  
t o  f i t  t h e  p o i n t s  1 and m i n t o  any r e a s o n a b l e  sy s te m .
As an i n d i c a t i o n  of  th e  method o f  b a l a n c i n g  up t h e  
c o n s t i t u e n t  o x id e s  o f  t h e  s l a g s ,  t h e  method as a p p l i e d  t o  
t h e  p o i n t  d w i l l  be o u t l i n e d  i n  d e t a i l .
A l 2O3 MgO Ti02 CadHsTOg
IloTe c u T a r "com po 's i t ibn  of  p o i n t  d . 1 0 .7 5  ---------
'7.T% MgO i f  p r e s e n t  as a k e r m a n i t e
would t a k e  u p : -  — 7 • !  — lLp.2  lLp.2
1 0 . 75% AlgO^ i f  p r e s e n t  as
a n o r t r i i t e  would t a k e  u p : -  10 .75  — — 10*75 21 .5
p . 6% TiOg i f  p r e s e n t  as
2C a0 .T i0g  would t a k e  u p : -  — —  3 -6  7*2 —
This  l e a v e s : -  0 0 0 6.55
Tab le  8 .
Thus, t o  u se  up a l l  t h e  r e s i d u a l  l im e  and s i l i c a  .as  c a l c iu m  
r n e t a s i l i c a t e ,  i t  i s  n e c e s s a r y  to  r e p l a c e  1% o f  t h e  l im e  by 
1% s i l i c a .  In  o t h e r  words ,  t h e  c o m p o s i t i o n  o f  t h e  minimum 
d e v i a t e s  from t h e  p ro p o s e d  q u a t e r n a r y  by ♦ 1 . 0 $  l i m e .  The 
d e v i a t i o n s  f o r  th e  o t h e r  p o i n t s  were c a l c u l a t e d
were c a l c u l a t e d /  i n  a s i m i l a r  manner and a r e  summarised 
i n  Table  9. T h is  t a b l e  a l s o  g i v e s  th e  s u g g e s t e d  c o n s t i t u e n t  
c o n s t i t u t i o n  of  the  e l e v e n  p o i n t s .
h o l e c u l a r  % o f  ; —
£ m o cfl
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a 27 *6 0 23*6 37 *5 11*2 0 0 1*5
b 22*0 0 30*0 37 *0 l l ' l 0 0 D *7
c 17 *0 0 36*2 36 -0 10 * 8 0 0*2 0
d 1 1 -0 0 43*0 35*5 10 *8 0 1*0 0
e 6 *0 0 4 9 - 2 34*5 10*2 0 2*0 0
f 0 0 56 *0 33 *0 9*9 1*0 3*0 0
S 0 0 63*4 17 *5 9*9 9*0 3*9 0
h 28 -0 23*6 0 37 *5 11 *1 0 0 L * 6
i 22 *0 30*0 0 37*0 11*1 0 0*7 0
H • 00 36*0 0 35-5 10*8 0 1*3 0
k 11*8 42*4 0 35*2 10*7 0 0*3 0
T able  9.
A c co rd in g  t o  t h e  above t h e o r y ,  t h e  o n ly  new m i n e r a l  
i n t r o d u c e d  i n t o  th e  m e l t s  by t h e  p r e s e n c e  o f  5$ t i t a n i a ,  
p o s s e s s e s  th e  fo r m u la  2C a0 .T i0 g .  The a u t h o r  h a s  b e e n  
u n a b l e  to  f i n d  any p r e v i o u s  r e f e r e n c e  t o  t h i s  compound
i n  t h e  v e r y  f r a g m e n ta r y  l i t e r a t u r e  c o n c e r n in g  t h e  c h e m i s t r y
t h e  c h e m i s t r y /  of  l im e  and t i t a n i a ,  a l t h o u g h  r e f e r e n c e  
h a s  "been n o t e d  t o  th e  compound CaO.TiOg. I t  m us t ,  
t h e r e f o r e ,  "be e m p h as ised  t h a t  u n t i l  the  e x i s t e n c e  of 
SCaO.TiOg i s  e i t h e r  p r o v e d  o r  d i s p r o v e d ,  th e  q u i n t e m a r y  
c a l c i u m  m e t a s i l i c a t e - a n o r t h i t e - g e ' h l e n i t e - a k e r m a n i t e -  
2Ca0 .Ti0g  must "be r e g a r d e d  a s  no more t h a n  a s u g g e s t i o n .
SUMMARY of  COMCLUSIOHS.
( 1 ) The i n v e s t i g a t i o n  h a s  y i e l d e d  no i n d i c a t i o n  of  why 
t i t a n i f e r o u s  s l a g s ,  c o n t a i n i n g  no more t h a n  5 ^ t i t a n i a ,  
sho u ld  he  d i f f i c u l t  t o  manage i n  t h e  b l a s t  f u r n a c e .
(2 )  An a d d i t i o n  of  5*3$ m agnesia  d e c r e a s e s  t h e  v i s c o s i t y
Ca07 /■*
of  l i m e - a l u m i n a - s i l i c a  s l a g s  o f  SiOg 0*8 -  and
11-* 1 fo a lu m in a .  The e f f e c t  i s  g r e a t e s t  i n  t h e  s l a g s  of
h i g h e r  b a s i c i t y .
(3 )  An a d d i t i o n  o f  5 ’0$ t i t a n i a  g e n e r a l l y  i n c r e a s e s  t h e
v i s c o s i t y  o f  l i m e - a l u m i n a - s i l i c a - m a g n e s i a  s l a g s  o f  
Can
/fcl02 0*8 -  1*5 c o n t a i n i n g  10*5$ a lu m in a  and  5*3$ 
m ag n es ia .  At t e m p e r a t u r e s  b e tw een  1450 and  1500°C, 
however ,  t h e  t i t a n i a  b e a r i n g  s l a g s  of  CaOgj_Q 1*2 -  1 *5 , 
a r e  more f l u i d  t h a n  t h e  p a r e n t  q u a t e r n a r y  s l a g s .
The v i s c o s i t y  of t h e  l i m e - a l u m i n a - s i l i c a - m a g n e s i a -  
- t i t a n i a  s l a g s  examined i s  a complex f u n c t i o n  o f  t h e  
c o m p o s i t i o n .  An i n c r e a s e  of l ime o r  s i l i c a  c o n t e n t  may 
i n c r e a s e  o r  d e c r e a s e  t h e  v i s c o s i t y  a t  a  g i v e n  t e m p e r a t u r e ,  
depend ing  e n t i r e l y  on t h e  s l a g  c o m p o s i t i o n .  An i n c r e a s e  
of  a lu m in a  c o n t e n t ,  g e n e r a l l y  i n c r e a s e s  v i s c o s i t y .
(5 )  Minima i n  t h e  i s o t h e r m a l  c u r v e s  of v i s c o s i t y  a g a i n s t  
c o m p o s i t i o n  of  t h e  l i m e - a l u m i n a - s i l i c a  and l i m e - a l u m i n a -  
s i l i c a - m a g n e s i a  s l a g s ,  have  b e e n  a t t r i b u t e d  t o  c hang es  of  
m i n e r a l  c o n s t i t u t i o n .  A sy s te m  o f  m i n e r a l  c o n s t i t u e n t s  
h a s  b e e n  p r o p o s e d  t o  e x p l a i n  minima i n  t h e  c o r r e s p o n d i n g  
i s o t h e r m a l  c u r v e s  of  th e  l i m e - a l u m i n a - s i l i c a - m a g n e s i a -  
t i t a n i a  s l a g s .
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